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(54) Title: RNA SEQUENCE-SPECIHC MEDL\TORS OF RNA INTERFERENCE 

(57) Abstract: The present invention relates to a Drosophila in vitro system which was used to demonstrate that dsRNA is processed 
to RNA segments 21-23 nucleotides (nt) in length. Furthermore, when these 21-23 nt fragments are purified and added back to 
Drosophila extracts, they mediate RNA interference in the absence of long dsRNA. Thus , these 21 -23 nt fragments are the sequence- 
specific mediators of RNA degradation. A molecular signal, which may be their specific length, must be present in these 21-23 nt 
fragments to recruit cellular fectors involved in RNAi. This present invention encompasses these 21-23 nt fr-agments and their use 
for specifically inactivating gene function. The use of these fragments (or chemically synthesized oligonucleotides of the same or 
siinilar nature) enables the targeting of specific mRNAs lot degradation in mammalian cells, where the use of long dsRNAs to elicit 
RNAi is usually not practical, presumably because of the deleterious effects of the interferon response. This specific targeting of a 
particular gene function is useful in functional genomic and therapeutic appUcations. . 
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. RNA Sequence-Specific Mediators of RNAIht^ 

RELATED APPLICATIONS 

This application claims the benefit of U.S. Provisional Application No. 
60/265^32, filed January 31, 2001 and U.S. I^visional 
3 60/193,594, filed March 30, 2000, and claims priority under 35 U.S.C. §119 to 
European ApplicationNo. 00 126 325.0 filed December 1, 2000. The entire 
teachings of the above applications are incorporated herem by reference. 

GOVERNMENT SUPPORT 

Work desOTbed herein was fimded in part by grants fi-om the National 

10 Institutes of Health thiou^ aUnited States Public Health Service MERIT award 
(Grant No. R01-GM34277) fix)m the National Institutes of Health. The United 
States government has certain ri^ts in the invention. 

BACKGROUND OF THE INVENTION 

RNA interfermce or "RNAi" is a term mitially coined by Fire and 

1 5 co-workers to describe the observation that double-stranded RNA (dsRNA) can 
block gene expression when it is introduced into womis (Fire et al. (1998) Nature 
391, 806-81 1). dsRNA. directs gene-specific, post-transcriptional silencing in many 
organisms, includiiig vertebrates, and has provided a new tool for ist^ 
function. RNAi involves mRNA degradation, but many of the biochraiical 

20 mechanisms underlying this mterference are unknown. The recapitulation of the 
essential features of RNAi in vitro is needed for a biochemical analysis of the 
phenomenon. 

SUMMARY OF THE INVENTION 

Described herein is gene-specific, dsRNA-mediated interference in a 
25 cell-firee system derived from syncytial blastoderm Ite)sophila embryos. The in 
vitro system complemimts g^etic approaches to dissecting the molecular basis of 
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RNAi, As described herein, the molecular mechamsms imderlying RNAi were 
fi XflmiTie ri iiRing the T>rQsq)hila in vilro system. Results showed that RNAi is 
* ATP-depehdent yet uncoupled from inRNA translation. That is, protdn synthesis is 
not required for RNAi in vitro. In the RNAi reaction, both strands (sense and 

5 antisense) of the dsRNA are processed to small RNA fragments or segments of from 
about 21 to about 23 nucleotides (nt) in length (RNAs with mobility in sequencing 
gels that correspond to markers that are 21-23 nt in length, optionally referred to as 
21-23 nt RNA). Processing of the dsiRNA to the anall RNA fragments does not 
require the targeted ntiRNA, which demonstrates that 

10 generated by processing of the dsRNA and not as a product of dsRNA-targeted 
mRNA degradation. The mRNA is cleaved oMy within the region of idra^ 
the dsRNA. Cleavage occurs at sites 21-23 nucleotides apart, the same interval 
observed for the dsRNA itself, suggesting that the 21-23 nucleotide fragments from 
the dsRNA are guiding mRNA cleavage. That purified 21-23 nt RNAs mediate 

15 RNAi coiifirms that these fragments are guiding mRNA cleavage. 

Accordingly, the present invention relates to isolated RNA 
(double- stranded; single-stianded) of from about 21 to about 23 nucleotides which 
mediate RNAi ■ That is, the isolated RNAs of the present ihventi^^ 
degradation of mRNA of a gene to i^ch the mRNA corresponds (mediate 

20 degradation of mRNA that is the transcriptional product of the gene, which is also 
referred to as a target gene). For convenience, such mRNA is also referred to herein 
as mRNA to be degraded. As used herein, the tains RNA, RNA molecule(s), RNA 
segment(s) and RNA fiagment(s) are used interchangeably to refer to RNA that 
mediates RNA interference. These teratis include double-stranded RNA, 

25 single-stranded RNA, isolated RNA (partially purified RNA, essentially pure RNA, 
isynthetic RNA, recombinantiy produced RNA), as well as altered RNA that differs 
from naturally obcurring RNA by the addition, deletion, substitution and/or 
alteration of one or more nucleotides. Such alterations can include addition of 
non-nucleotide material, sucH as to the end(s) of tiie 21-23 nt RNA or internally (at 

30 one or more nucleotides of the RNA). Nucleotidesin the RNA molecules of the 
present invention can also comprise non-standard nucleotides, including 
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non-naturally <Kx:uning nucleotides or deoxyribonucleotides. Collectively, all such 
altered RNAs are refOTed to as analogs or analogs of 

RNA of 21-23 nucleotides of the present invention need only be sufficiently similar 
to natural WSfA that it has the abiUty Asusedherein 

5 the phrase "mediates RNAi" refers to (mdicates) the ability to distinguish which 
RNAs are to be degraded by the KNAi machinery or process. RNA that mediates 
RNAi interacts with the RNAi machinery such that it directs the machinery to 
degrade particular mRNAs. In one embodiment, the present invention relates to 
RNAmolecules of about 21 to about 23 nucleotides that direct cleavage of specific 

10 mRNA to which their sequeace corresponds. It is not necessary that there be perfect 
correspondence of the sequences, but the correspondence must be sufficient to 
enable the RNA to direct RNAi cleavage of the target mRNA. In a particular 
embodiment, the 21-23 nt RNA molecules of the present invention compri^^^^ 

hydroxyl groiq). 

15 The present invention also relates to methods of producing RNA molecules 

of about 21 to about 23 nucleotides witii the abiUty to mediate RNAi cleav In 
one embodunent, the Drosophila in vitro system is used. In this embodiment, 
dsRNA is combined with a soluble extract derived firom Drosophila embryo, thereby 
producmg a combination. The combination is maintained under conditions in which 

20 the dsRNA is processed to RNAmolecules of about 21 to about 23 nucleotides. Jn 
another embodiment, the Drosophila in vitro system is used to obtain RNA 
sequences of about 21 to about 23 nucleotides which mediate RNA int^erence of 
the mRNA of a particular gene (e.g., oncogene, viral gene). In this embodiment, 
double-stranded RNA that corresponds to a sequence of the gene to be targeted is 

25 combined with a soluble extract derived fix)m Drosophila embryo 

a combination. The combination is maintained under conditions in which the 
double-stranded RNA is processed to RNA of about 21 to about 23 nucleotides in 
length. As shown herein, 21- 23 nt RNA mediates RNAi of the mRNA of tiie 
targeted gene (the gene whose mRNA is to be degraded). The metiiod of obtaining 

30 21-23 nt RNAs using the Drosophila in vitro system can further comprise isolating 
the RNA sequence from the combination. 
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The present invention also relates to 21-23 nt RNA produced by the methods 
of the present invention, as well as to 21-23 nt RNAs, produced by other methods, 
such as chemical synthesis or recombinant DNA techniques^ that have the same or 
substantially the same sequences as iiaturaUy-<>ccuiring SNAs that mediate KNAii; 
5 such as those produced by the methods of the present invention. AU^^ 

refeired to as 21-23 nt RNAs that mediate RNA interference. As used herein, the 
term isolated RNA includes RNA obtained by any means, including processing or 
cleavage of dsRNA as described herein; production by chemical synthetic methods; 
and production by recombinant DNA techrdques. The invention fi^ 
10 uses of the 21-23 nt RNAs, such as for therapeutic or prophylactic treatment and 
con5)ositions comprising 21-23 nt RNAs that m:e^ 

pharmaceutical compositions comprising 21 -23 nt RNAs and an appropriate carrier 
(e.g., a buffCT or water). 

The presmt invention also relates to a method of mediating RNA 

15 interference ofniRNAofa gene in a ceU or orgaEdsm(e.g., mammal such 

mouse or a human). In one embodiment, RNA of about 21 to about 23 nt which 
targets the mRNA to be degraded is introduced into the cell or organism. The cell or 
org^Tiiom is m^'iT't^i^^ed under conditions under which degradation of the mRNA 
occurs, thereby mediating RNA interference of the mRNA of the gene in the cell or 

20 organism. The cell or organism can be one in which RNAi occurs as the cell or 
organism is obtained or a ceU or orgamsm can be one that has been modified so 
RNAi occurs (e.g., by addition of coinponents obtained from a cell or cell extract 
that mediate RNAi or activation of endogenous components). As used herein, the 
term "cell or organism ia \yhich RNAi occurs" includes both a cell or organism in 

25 which RNAi occurs as the cell or organism is obtained, or a cell or organism that has 
been modified so that RNAi occurs. la anothCT embodiment, the method of 
mediating RNA interference of a gene in a cell comprises combining 
double-stranded RNA that corresponds to a sequence of the gene with a soluble 
extract derived fiom Drosophila embryo, thereby producing a combination. The 

30 combination is maintained under conditions in which the double-stranded RNA is 
processed to RNAs of about 21 to about 23 nucleotides. 21 to 23 nt RNA is then 
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isolated and introduced into the cell or organism. The cell or organism is maintained 
under conditions in which degradation of mRNA of the gene occurs, tiiereby 
mediating RNA interference of the gene in the cell or organism. As described for the 
previous embodiment, the ceU or organism is one in which RNAi occurs 11^^ 

5 (in the ceU or organism as obtained) or has been niodified in such a no^^ 

RNAi occurs. 21 to 23 nt RNAs can also be produced by other meUiods, such as 
chemical synthetic methods or recombinant DNA techniques. 

The present invention also relates to biochemical components of a cell, such 
as a Drosophila cell, that process dsRNA to KNA of about 2 1 to about 23 

10 nucleotides. In addition, biochemical components of a cell that are involved in 
targeting of mKNA by BNA of about ?1 to abput 23 nucleotides are the subject of 
the present invention, hi both embodiments, the biochemical components can be 
obtained fiom a cell in which they occur or can be produced by other methods, such 
as chemical synthesis or recombinant DNA niefhods. As used herein, the 

15 . term "isolated" includes materials (e.g., biochemical components, RNA) obtained 
from a source in which they occur and materials produced by methods such as 
chemical synthesis or recombinant nucleic acid (DNA, RNA) methods. 

The present invention also relates to a method for laiocking down<^ 
or conipletely) the targeted gene, thus providing an altern^ 

20 methods of knocking down (or out) a gene or genes. This method of knocking down 
gene e3q>ression can be used thenqpeutically or for research (e.g., to generate models 
of disease states, to examine the fimction of a gene, to assess whether an agent acts 
on a gene, to validate targets for drug discovery). In those instances in which gene 
function is eliminated, the resulting cell or organism can also be referred to as a 

25 knockout One embodiment pf the method of producing knockdown cells and 

organisms conqirises introducing into a cell or organism in which a gene (referred to 
as a targeted gene) is to be knocked down, RNA of about 21 to about 23 nt that 
targets the gene and maintaining the resulting cell or organism under conditions 
under which RNAi occurs, resulting in degradation of the mRNA of the targeted 

30 gene, th^eby producing knockdown cells or organisms. Knockdown ciells and 
. organismsproducedby the present method are also the subject of this invent 
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The present inveation also relates to a method of 
function of a gene in a cell or organism. In one embodiment, RNA of about 21 to 
about 23 nt which targets mRNA of the gene for degradation is introduced into a cell 
or organism in which RNAi occurs. The cell ot organism is referred to as a test cell 

5 or organism. The test cell or organism is maintained under coxufitions under which 
degradation of mRNA of the gene occurs. The phenotype of the test cell or 
organism is then observed and compared to that of an appropriate control cell or 
organism, such as a corresponding cell or organism that is treated in the same 
manner except that the targeted (specific) gene is not targeted A 2 1 to 23 nt RNA 

10 &at does not target the noMSfA for degradation can be mtroduced into 

cell or orgaidsm in place of the RNA introduced into the test cell or organism, 
although it is not necessary to dp so. A difference between the phenotypes of flie 
test and control cells or organisms provides inforaiation about the function of the 
degraded mRNA. Ih another embodiment, double-stranded RNA that corre^^ 

15 a sequence ofthe gene is combined with a soluble extract tbrtm^ 

as the soluble extract derived firom Drosophila embryo described herein, under 
coriditions in which the double-stranded RNA is processed to gaierate RNA of 
about 21 to about 23 nucleotides. The RNA of about 21 to about 23 nucleotides is 
isolated and then introduced into a cell or organism m which RNAi occurs (test cell 

20 or test organism). Tlie test ceU or test organism is maintained under condi^ 
under which degradation of the mRNA occurs. The phenotype of the test cell or 
organism is then observed and compared to that of an ^propriate control, such as a 
coxiesponding cell or organism that is treated in the same mann^ as the test cell or 
organism except that the targeted graie is not targeted. A difference between the 

25 phenotypes of the test and control cells or organisms provides information about the 
fimction of the targeted gene. The information provided may be sufficient to 
identify (define) the fimction of the gene or naay be used in conj^ 
information obtained firom other assays or analyses to do so. 

Also the subject of the present invention is a method of validating whelher 

30 an agent acts on a gene. In this method, RNA offrom about 21 to about 23 
nucleotides that targets the mRNA to be degraded is introduced into a cell or 
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organism in which RNAi occurs. The cell or organism (which contains the 
. introduced RNA) is maintained under conditions under which degradation of 
mKNA occurs, and the agent is introduced into the cell or organism. Whether the 
agent has an effect on the ceU or organism is detenn^ 
5 on the cell or organism, then the agent acts on the gene. 

The preset invention also relates to a method of validating wheiber a gene 
product is a target for drug discovery or development RNAof fi:om about21 to 
about 23 nucleotides that targets the mRNA that corresponds to the gene for 
degradation is introduced into a cell or organism. The cell or organism is 
10 maintained under conditions in which dejgradation of the mRNA occurs, resulting in 
decreased expression of the gene. Whether decreased ^ression of the gene has an 
effect on the cell or organic is determined, wherein if decreased expression of the 
gene has an efiect, then the' gene product is a target for drug discovery or 
development 

1 5 The present invention also encompasses a method of treating a disease or 

condition associated with the presence of a protein in an individual comprising 
administering to the individual RNA of &om about 21 to about 23 nucleotides which 
targets the mRNA of the protein (the mRNA that encodes the protein) for 
degradation. As a result, the protein is not produced or is not produced to the extent 

20 it wouldbeinthe absence of the treatment 

Also encompassed by the present invention is a gene identified by the 
sequencing of endogenous 21 to 23 nucleotide RNA molecules that mediate RNA 
interference. 

Also encompassed by .the present invention is a method of identifying target 
25 sites within an mRNA that are particularly suitable for RNAi as well as a method of 
assessiiig the abiUty of 21-23 nt RNAs to mediate RNAi. 

BRIEF DESCRIPTION OF THE DRAWINGS 

The file of this patent contains at least one drawing,executed in color. 
Copies of this patent with color drawing(s) will be provided by the Patent and 
30 Trademark Ofifipe upon request and payment of the necessary fee. 
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Figure 1 is a schematic representation of reporter mRNAs and dsRNAs 
Rr-Luc and Pp-Luc. lengths and positioiisofthessRNA,asRNA, and dsRNAs are 
shown as black bars relative to the Rr-Luc and Pp-Luc reporter mRNA sequences. 

Black rectangleis indicate the two unrelated lucif^ 

.1 

5 correspond to the 5* and 3' untranslated legioiis of the inl^ 

Figure 2A is a graph of the ratio of luciferase activities after to^ 
Pp- Luc roRNA with 10 nM ssRNA, asKNA, or dsRNA from the 505 bp segment of 
the Ppr Luc gene showing gene-specific interference by dsRNA in vitro. The data 
are the average values of seven trials ± standard deviatioiL Four independently 

10 prepared lysates were used Luciferase activity was normalized to the biijSer control; 
a ratio equal to one indicates no gene-specific iiiterference. 

Figure 2B is a graph of the ratio of luciferase activities after targeting 50 pM 
Rr- Luc mRNA with 10 nM ssRNA, asRNA, or dsRNA from the 501 bp segment of 
the Rr- Luc gene showing gene-specific interference by dsRNA in vitro. The data 

15 are the average values ofsix trials ± standard deviation, A Rr-Luc/Pp-Luc ratio 
equal to one indicates no gene-specific interference. 

Figure 3 A is a schematic representation of the experimental strategy used to 
show that incubation in the Drosophila embryo lysate potentiates dsRNA for gene- 
specific interference. The same dsRNAs used in Figure 2 (or buffer) was serially 

20 preincubated using two-^fold dilutions in six successive reactions with Drosophila 
embryo lysate, then tested for its capacity to block ixiRNA expression. As a control, 
the same amount of dsRNA (10 nM) or buffer was diluted directly in buffer and 
incubated with Pp-llAic and Rr-Luc niRNAs and lysate. 

Figure 3B is a gr^h of potentiation when targeting Pp-Luc mRNA. Black 

25 columns indicate the dsRNA or the buffer was serially preincubated; white colmnns 
correspond to a direct 32-fbld dilution of the dsRNA. Values were normalized to 
those of the buffer controls. 

Figure 3C is a graph of potentiation when targeting Rr-Luc mRNA- The 
corresponding buflfd" control is shown in Figure 3B. 

30 Figure 4 is a graph showing effect of competitor dsRNA on gene-specific 

interference. Increasing concentrations of nanos dsRNA ( 508 bp) were added to 
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reactions containing 5 nM dsRNA (the same dsRNAs used ia Figures 2A and 2B) 
targeting Pp-Luc naRNA (black columns, left axis) or Ri-Luc mRNA (white 
columns, xi^ axis). Each reaction contained both a target mRNA (Pp-lAxc for the 
black columns, Rr-Luc for the white) and an unrelated control mRNA (Elr-Luc for 
5 the black columns, Pp-Luc for the white). Values were normalized to the buffer 
control (not shown). The reactions were incubated under standard conditions (see 
Methods). 

Figure 5 A is a graph showing the effect of dsRNA on mRNA stability. 

Circles, Pp-Luc mRNA; squares, Rr-Luc mRNA; filled symbols, buffer incubatioiu 
10 open symbols, incubation witii Pp-dsRNA. 

Figure 5B is a graph showing the stability of Rr-Luc mRNA incubated with 

Rr- dsRNA or Pp-dsRNA. Filled squares, buffer; open squares, Pp-dsRNA (10 

nM); open circles, Rr-dsRNA (10 nl^. 

Figure 5C is a graph showing the dependence on dsRNA length: The 
15 . stabiUty ofthe Pp-Luc ntiRNA was assessed after incubation in lysate in the 

of buffer or dsRNAs of different lengths. Filled squares, buffer; open circles, 49 bp 

dsRNA (10 nM); open inverted triangles, 149 bp dsRNA (10 nM); open triangles, 

505 bp dsRNA (10 nM); open diamonds, 997 bp dsRNA (10 nl^. Reactions were 

incubated under standard conditions (see Mefliods). 
20 Figure 6 is a graph showing that RNAi Requires ATP. Creatine kinase (CK) 

uses creatine phosphate (CP) to regenerate ATP. Circles, +ATP, +CP, +CK; 

squares, -ATP, +CP, -K^K; triangles, -ATP, -CP, +CK; inverted triangles, -ATP, 

+cp,-ck: 

Figure 7A is a graph of protein synthesis, as reflected by luciferase activity 
25 produced afte: incubation of Rr-luc mRNA in the in vitro RNAi reaction for 1 hour, 
in the presence of the protein synthesis inhibitors anisomycin, cycloheximide, or 
chloramphenicol, relative to a reaction without any inhibitor showing that RNAi 
does not require mRNA translation: 

Figure 7B is a graph showing translation of 7-methyl-guanosine- and 
30 adenosine- capped Pp-luc mRNAs (circles and squares, respectively) in the RNAi 
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reaction in the absence of dsKNA, as measured by luciferase activity produced in a 
one-hour incubation. 

Figure 7C is a gr£^h showing incubation in an KNAi reaction of unifonnly 
radiolabeled 7-naiefliyl-guanosine-capped Pp-luc niRN 
5 adenosine-capped Pp-luc noRNA (squares), in the presence (open symbols) and 
absence (filled symbols) of 505 bp Pp-luc dsRNAi 

Figure 8A is a graph of this of the denaturing agarose-gel analysis of Pp-luc 
mRNA incubated in a standard RNAi reaction with bufifer, 505 nt Pp-asRNA, or 505 
bp Pp-dsRNA for the times indicated showing that asIQ^A causes a sm 

ID RNAi in vitro. 

Figure 8B is a greqph of the of the denaturing agarose-gel analysis of Rx-liic 
mRNA incubated in a standard RNAi reaction with buffer, 505 nt Pp-asRNA. or 505 
bp Pp-dsW^A for the times indicated showing that asRN 
RNAi in vitro. 

15 Figure 9 is a schematic of the positions of the three dsRNAs, 'A,' TB,' and 'C,' 

relative to the Rr-luc mRNA. 

FigurelO indicates the cleavage sites mapped onto the first -267 nt of the 
Rr-luc inRNA (SEQ ID NO: 1). The blue bar below the sequence indicates 
position of dsRNA 'C,' and blue circles nidicate the position of cleavage sites caused 

20 by this dsRNA. The green bar denotes the position of dsRNA B,' and green circles, 
flie cleavage sites. The magenta bar indicates the position ofdsRNA 'A,' and 
magenta circles, the cleayages. An exceptional cleavage within a run of 7 uracils is 
marked with a red arrowhead. 

Figure 1 1 is a proposed model for RNAi. RNAi is envisioned to begin with 

25 cleavage of the dsRNA to 21-23 nt products by a dsRNA-specific nuclease, perhaps 
in a multiprotein complex. These short dsRNAs might then be dissociated by an 
ATP- dependent heUcase, possibly a component of the initial complex, to 2 1-23 nt 
asRNA^ that could then target the mRNA for cleavage. The short asRNAs are 
imagined to remain associated with the RNAi-specific proteins (circles) that were 

30 originally bound by tiie full-length dsRNA, thus explaining the inefficiency of 
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asRNA to trigger RNAi in vivo and in vitro. Finally, a nuclease (triangles) would 
cleave the mBNA. 

Figure 12 is a bar graph showing sequence-spedfic geue silencing by 21-23 
nt fegments. Ratio of luciferase activity after targeting of Pp-Luc and Rr^ 

5 mRNA by 5 nM Pp-Iiic or Rx-Luc dsRNA (500 bp) or 21-23 nt fragments isolated 
from a previous incubation of the respective dsRNA in Drosophila lysate. The 
amount of isolated 21-23 mers present in the incubation reaction correspond to 
approximately the same amount of 21-23 mers generated during an incubation 
reaction with 5 nM 500 bp dsRNA. The data are average values of 3 trials and the 

10 standard deviation is given by error bars. Ludferase activity was normalized to the 
buffer control. 

Figui« 13A illustrates the purification of RNA fragments on a SiQ>erdex HR 
200 10/30 gel filtration column (Pharmacia) using the method described in Bxample 
4. dsRNA was 32P-labeled, and the radioactivity recovered in each colunm filaction 
15 is gn5)hed. The fictions were also analyzed by denaturing gel electrophoresis 
(inset). 

Figure 13B demonstrates the ability of the Rr-luciferase RNA, after 

incubation in the Drosophila lysate and fiactionation as in Fig. 13A, to mediate 
sequence-specific interference with ^ expressicm of a Rr-ladferase 

20 One microliter of each resuspended fraction was tested in a 10 microliter in vitro 
RNAi'reaction (see Example 1). This procedure yields a concentration of RNA in 
the standard in vitro RNAi reaction that is approximately equal to the concentration 
of that RNA species in the original reaction prior to loading on the cohmm. Relative 
luminescence per second has been normalized to the average value of the two buffer 

25 controls. 

Figure 13C is the specificity control for Fig 13B. It demonstrates that the 
fiactionated RNA of Fig 13B does not efficiently mediate sequence-specific 
interference with the expression of a Pp-luciferase mRNA. Assays are as in Fig 
13B. 

30 Figures 14A and 14B are scheniatic representations of reporter constructs 

and siRNA duplexes. Figure 14A iUustrates the firefly (i^-luc) and sea pansy (iJr- 
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luc) luciferase reporter gene regions from plasmids pGL2-Control, pGL3-Control, 
and pRI^TK (Promega). SV40 regulatory elements, the HSV thymidine.kinase 
promoter, and two introns (lines) are indicated. The sequence of GL3 luciferase is 
95% identical to GL2, but RL is completely unrelated to both. Luciferase egression 
5 frompGL2 is approxinmtely 10-fold lower than from pGL3 

manamalian cells. The region targeted by the siRNA duplexes is indicated as black 
bar below tiiei coding region of Iheluciferase genes. Figure 14B shows the sense 
(top) and antiisense (bottom) sequences of the siRNA duplexes targeting GL2 (SEQ 
ID Nos: 1 0 and 1 1), GL3 (SEQ ID Nos: 12 and 13), and RL (SEQ ID Nos: 14 and 
10 15) luciferase are shown. The GL2 and GL3 siRNA duplexes differ by only 3 single 
nucleotide substitutions (boxed in gray). As unspecifilc control, a duplex with the 
inverted (jL2 sequence, invGL2 (SEQ ro Nos: 1^ 

nt 3* overhang of 2'-deoxythymidine is indicated as TT; uGL2 (SEQ ID Nos: 18 and 
19) is sinular to GI2 siRNA but contains ribo-uridine 3' overb^^ 

15 Figures 15A-15J are graphs lowing RNA interference by siRNA dxiplexes. 

Ratios of target to control luciferase were normalized to a buffer control (bu, black 
bars); gray bars indicate ratios of Photinus pyralis (PpAxxc) GUI or GL3 luciferase to 
Renilla reniformis (iZr-luc) RL luciferase (left axis), white bars indicate RL to GL2 
or GL3 ratios (right axis). Figures 15A, 15C, 15E, 15G, and 151 show results of 

20 experiments perfoimed with .the combination of pGL2-Control and pRL-TK reporter 
plasmids. Figures 15B, 15D, 15F, 15H, and 15J with pGI3-C^^ 
reporter plasmids. The cell line used for the interference e>q)eriment is indicated at 
tiie top of each plot The ratios of Pjp-luc/jRr-luc for the buffer control (bu) varied 
between 0.5 and 10 for pGL2/pRL, and between 0.03 and 1 for pGL3/pRL, 

25 respectively, before normalization and between the various cell hnes tested. The . 
plotted data were averaged from three independent experiments ± S.D. 

Figures 16A-1 6F are graphs showing the effects of 21 nt siRNAs, 50 bp, and 
500 bp dsRNAs on luciferase egression in HeLa cells. The exact length of the long 
dsRNAs is indicated below the bars. Figures 16A, 16C, and 16E descri 

30 experimmts performed with pGL2-Ck)ntrol and pRLrTK rq)orter plasmids. Figures 
16B, 16D, and 16F with pGL3-Control and pRL-TK reporter plasmids. The data 
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were averaged from two independent experiments ± S.D. Figures 16A, 16B, 
Absolute P/7-liic expression, plotted in arbitrary luminescence units. Figure 16C, 
16D, Rr-luc expression, plotted in aibitrary limiinescence units. Figures 16E, 16F, 
Ratios of nonnalized target to control luciferase. Th^ 
5 siRNA duplexes ware normalized to a buffer con 

luminescence ratios for 50 or 500 bp dsRNAs were normalized to the respective 
ratios observed for 50 and 500 bp dsRNA from humanized GFP (hG, black bars). It 
should be noted, that the overall differences in sequence between tiie 49 and 484 bp 
dsRNAs targeting GL2 and GL3 are not sufficient to conf^ specificity between GL2 
10 and GI3 targets (43 ntunintenijpted identity in 49 bp segme^^ 

uninteinq>tedidentity in484 bp segment) (Pairish, S., etal., MoL Cell, d;1077-1087 
(2000)). 

DETAILED DESCIOPTION OF THE INVEl^ 

Double-stranded (dsRNA) directs the sequence-specific degradation of 

15 mRNA through a process known as KNA interference (RNAi). The process is 

known to occur in a wide variety of organisms, including embryos of mammals and 
other vertebrates. Using the Drosophila in vitro system described herein, it has been 
d^onstrated that dsRNA is processed to RNA segments 21-23 nucleotides (nt) in 
length, and furthermore, that when these 21-23 nt fragments are purified and added 

20 back to Drosophila extracts, they mediate KNA interference in the absence of longer 
dsRNA- Thus, these 2 1 -23 nt firagments are sequence-specific mediators of RNA 
degradation. A molecular signal, which may be the specific length of the firagments, 
must be present in tiiese 21-23 nt fragments to recruit cellular factors involved in 
RNAi. This present invCTtion encompasses fliese 21-23 ntfi-agments and their 

25 for specifically inactivating gene fimction. The use ofthese fragments (or 

recombinantiy produced or chemically synthesized oligonucleotides of tiie same or 
similar nature) enables the targeting of specific mRNAs for degradation in 
mammalian cells. Use of long dsRNAs in mammalian cells to elicit RNAi is usually 
not practical, presumably because of tibie deleterious effects of the interferon 

30 response. . Specific targeting of a particular gene fimction, which is possible with 
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21-23 nt fragments of the present invention, is useM in fiinctional genomic and 
therapeutic ai^lications. 

M particular, the present invention relates to KNA molecules of about 21 to 
about 23 nucleotides fliat mediate RNAi. Jn. one embodiment, the present invention 

5 relates to RNA molecules of about 21 to about 23 nucleotides that direct cleavage of 
specific mRNA to which they correspond. The 21-23 nt RNA molecules of tiie 
present invention can also comprise a 3' hydroxyl group. The 21-23 nt RNA 
molecules can be single-stranded or double stranded (as two 21-23 nt RNAs); such 
molecules can be blunt ended or comprise overhanging ends (e.g., 5', 3*). In specific 

10 embodiments, the RNA molecule is double stranded and eiflierbltmt ended or 
comprises overhanging ends (as two 21-23 nt RNAs). 

hi one embodiment, at least one strand of the RNA molecule has a 3' 
overhang &om about 1 to abput 6 nucleotides (e.g., pyrimidine nucleotides, purine 
nucleotides) in length. In other embodiments, the 3' overhang is &cm about 1 to 

15 about 5 nucleotides, from about 1 to about 3 nucleotides and from about 2 to about 4 
nucleotides in length. In one embodiment the RNA molecule is double stranded, 
one strand has a 3' oveihang and the other strand can be blunt-ended or have an 
overhang. In the embodiment in which the RNA molecule is double stranded and 
both stands conqnise an overhangs the length of iflie overhangs may be the same or 

20 different for each strand. In a particular embodiment, Ae RNA of the presrat 
invention comprises 21 nucleotide strands which are paired and which have 
oveihangs of fixim about 1 to about 3, particularly about 2, nucleotides on both 3' 
ends of the RNA. In order to fiirlher enhance the stabihty of the RNA of tiie present 
invention, tiie 3' overhangs, can be stabilized against degradation. In one 

25 embodiment, the RNA is stabilized by including purine nucleotides, such as 
adenosine or guanosine nucleotides. Alternatively, substitution of pyrimidine 
nucleotides by modified analogues, e.g:, substitution of uridine 2 nucleotide 3' 
ove±angs by 2'-deoxythymidine is tolerated and does not affect the eSdeacy of ' 
RNAi. The absence of a 2' hydroxyl significantly enhances tiie iinclease resistance 

30 of the ovediang in tissue culture medium. 



wo 01/75164 



PCt/USOl/10188 



-15- ■ 

The 21-23 nt RNA molecules of the present invention can be obtained using 
a number of techniques known to those of skill in the art. For example, the RNA 
can be chemically synthesized or recombinanfly produced using methods known in 
the art. The 21-23 nt RNAs can also be obtained 
5 system described herein. Use oftheDrosqphik in vitro system entails combiiiin^ 
dsRNA with a soluble extract derived from Drosophila embryo, thereby producmg a 
combination. The combination is maintained under conditions in which the dsRNA 
is processed to RNA of about 21 to about 23 nucleotides. The Drosophila in vitro 
. system can also be used to obtain RNA of about 21 to about 23 nucleotides in l^igth 

1 0 which mediates RNA interference of the mRNA of a particular gene (e.g., oncogene, 
viral gene). In this embodiment, double-stranded RNA that corresponds to a 
sequence of the gene is combined witiii a soluble extract derived from Drosophila 
embryo, thereby producing a combination. The combinatidn is maintained under 
conditions in which the double- stranded RNA is processed to the RNA of about 21 

15 to about 23 nucleotides. As shown herein, 21-23 nt RNA mediates RNAi of the 
n[iRNA to be degraded. The present invention also relates to the 21-23 nt RNA 
molecules produced by the methods described herein. 

In one embodiment^ the methods described herem are used to identify or 
obtain 21-23 nt RNA molecules that are usefril as sequence-specific nLediators of 

20 RNA degradation and, thus, for inhibiting mRNAs, such as human mRNAs, that 
encode products associated with or causative of a disease or an undesirable 
condition. For example, production of an oncoprotein or viral protein can be 
inhibited in humans in order to prevent the disease or condition &om occurring, limit 
the extent to which it occurs or reverse it If the sequence of the g^ie to be targeted 

25 in humans is known, 21-23 nt RNAs can be produced and tested for their ability to 
mediate KNAi in a cell, such as a human or other primate cell. Those 21-23 nt 
human RNA molecules shown to mediate RNAi can be tested, if desired, in an 
appropriate animal model to frtrth^ assess their in vivo effectiveness. Additional 
copies of 21-23 nt RNAs shown to mediate RNAi can be produced by the methods 

30 described herein. 



wo 01/75164 Pet/DSOl/10188 

• 46- 

The method of obtaining lie 21-23 nt 
vitio system can fbrthet comprise isolating the RNA sequence from the combination. 
The 21-23 at RNA molecules can be isolated using a number of techniques knovm 
to those of skiU in the art For example, gel electrophoresis can be used to separate 
S 21-23 nt RNAs from the combination, gel slices comprising the SNA sequences 
rraioved and RNAs eluted from the gel slices. Alternatively, non-dCTatuiing 
methods, such as non-denaturing column chromatogr^hy, can be used to isolate the 
RNA produced. In addition, chromatography (e.g», size exclusion chromatography), 
glycerol gradient centrifugation, affinity purification with antibody can be used to 
10 isolate 21-23 nt RNAs. The RNA-proteincon5)lex isolated from the Drosophila in 
vitro system can also be used direcUy in the methods d 

of mediating RNAi of mRNA of a gene). Soluble extracts derived from Drosophila 
embryo that mediate or RNAi are encompassed by the invention. The soluble 
Drosophila extract can be obtained in a variety of ways. For example, the soluble 

15. extract caa.be obtained from syncytial blastoderm Drosophila embryos as described 
in Examples 1, 2, and 3. JSoluble extracts can be derived from other cells in which 
RNAi occurs. Alternatively, soluble extracts can be obtained from a cell that does 
not carry out RNAi. In this instance, the factors needed to mediate RNAi can be 
introduced into such a cell and the soluble extract is then obtained The components 

20 of the extract can also be chemically synthesized and/or combraed usmg methbds 
known in the art. 

Any dsRNA can be used in the methods of the present invention, provided 
that it has sufficient homology to the targeted gene to mediate RNAi. The sequence 
of the dsRNA for use in the methods of the present invention need not be known. 

25 Altematiyely, the dsRNA for use in the present invention can correspond to a known 
sequence, such as that of an entire gene (one or more) or portion thereof. There is 
no upper limit oh the length ofthedsRNA that can be used. For example, the 
dsRNA can range from about 21 base pairs (bp) of the gene to the fiill length of the 
• gene or more. In one embodimerit, the dsRNA used in the methods of the present 

30 invention is about 1000 bp in length. In another CTibodiment, the dsRNA is about 
500 bp in laigfli. hi yet another embodiment, the dsRNA is about 22 bp m Irngth, 
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. The 21 to 23 nt RNAs described herein can be used in a variety of ways. For 
exan5)le, the 21 to 23 nt KNA molecdes can be used to inediate RNA interf^ 
df mRNA of a gene in a cell or origanism. In a specific embodiment, tiie 21 to 23 nt 
RNA is introduced into human cells or a hunMn in ord^ 

5 interference in the cells or in cells in the mdividual, such as to prevent or treat a 
disease or undesirable condition. In this method, a gene (or genes) that cause or 
contribute to the disease or undesirable condition is targeted and the corresponding 
mRNA (the transcriptional product of the targeted gene) is degraded by RNAi. In 
this embodiment, an RNA of about 21 to about 23 nucleotides that targets the 

10 corresponding mRNA (the mRNA ofthe targeted gene) 

introduced into the cell or organism. The ceU or organism is midntaahed under 
conditions under which degradation of the corresponding mRNA occurs, thereby 
mediating KNA interference of the mRNA of the gene in the cell or organism. la a 
particular embodiment, the method of mediating RNA interference of a gene in ai 

15 cell comprises combining double-stranded RNA that corresponds to a sequence of 
the gene with a soluble extract derived from Drosophila embryo, thereby producing 
a combination. The combination is maintained under conditions in which the 
double-stranded RNA is processed to RNA of about 21 to about 23 nucleotides. The 
21 to 23 nt RNA is flien isolated and introduced into the cell or organism, The cell 

20 or organism is maintained under conditions in which degradation of mRNA of the 
gene occurs, thereby mediating RNA interference of the gene in the cell or organism, 
fii the event that the 21-23nt RNA is introduced into a cell in which RNAi, does not 
nonnally occur, the fectors needed to mediate RNAi are introduced into such a cell 
or the expression of the needed factors is induced in such a cell. Altematively, 21 to 

25 23 nt RNA produced by other methods (e,g., chemical synthesis, recombinant DNA 
production) to have a composition the same as or sujB5ciently similar to a 21 to 23 nt 
RNA known to mediate RNAi can be similarly used to mediate RNAi. Such 21 to 
23 nt RNAs can be altered by addition, deletion, substitution or modification of one 
or more nucleotides and/or can comprise non-nucleotide materials. A fiirfher 

30 embodiment of this invention is an ex vivo method of treating cells fiom an 
individual to degrade a gene(s) that causes or is associated with a disease or 
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undesirable condition, such as leukemia or ADDS- In this embodiment, cells to be 
• treated are obtained from the individual using known methods (e.g., phlebotomy or 
coUection of bone marrow) and 21-23 nt RNAs that med^ 
corresponding mKNA(s) are introduced mto the cells, which are then re-introduced 

5 into the individual. If necessary, biochanical coinponents needed for RNAi to occur 
can also be introduced into the cells. 

The mKNA of any gene can be targeted for degradation using the methods of 
mediatmg interference of mKNTA described herein. For example, any cellular or 
viral mKNA, can be targeted, and, as a result, the encoded protein (e.g., an 

10 oncoprotein, a viral protein), expression will be diminished. In addition, the mRNA 
of any protein associated with/causative of a disease or undesirable condition can be 
targeted for degradation using the methods described herein. 

The present Wention also relates to a metiipd of exainining 
gene in a cell or organism. In one embodiment, an KNA sequence of about 21 to 

15 about 23 nucleotides that targets mRNA of the gene for degradation is introduced 
into the cell or organism. The cell or organism is maintained under conditions under 
which degradation of mRNA of the gene occurs. The phenotype of the cell or 
organism is then observed and compared to an appropriate control, thereby 
providing information about the function of the gene. In another embodiment, 

20 double-stranded RNA tiiat corresponds to a sequCTice of the gene is combined with a 
soluble extract derived from I)rosophila embryo under conditions m 
double-stranded RNA is processed to generate RNA of about 21 to about 23 
nucleotides. The RNA of about 21 to about 23 nucleotides is isolated and then 
introduced into the cell or organism. The cell or organism is maintained under 

25 conditions in which degradation of the mRNA of the gene occurs. The phenotype of 
the cell or organism is then observed and compared to an q)propriate control, 
thereby identifying the ftmction of the gaie. 

A fiother aspect of this invention is a method of assessing the ability of 
21-23 nt RNAs to mediate RNAi and, particularly, determining which 21-23 nt 

30 RNA(s) most efficiently mediate RNAi. In one embodiment of the method, dsRNA 
corresponding to a sequence of an mRNA to be degraded is combined with 
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detectably labeled (e.g., end-labeled, such as radiolabeled) mRNA and the soluble 
extract of this invention, thereby producing a combmation. The combination is 
maintained imder conditions under which the double-stranded KNA is processed and 
the mRNA is degraded. The sites of&e most effective cleavage are ms^ped^^ 

5 comparing the migration of the labeled mRNA cleavage products to markers of 
knoi?m length. 21 mers spanning tiiese sites are then designed and tested for their 
efficiency in mediating RNAi. 

Alternatively, the extract of the present invention can be used to determine 
whether th^e is a particular segment or particular segments of the mRNA 

1 0 corresponding to a grae which are more efficiently targeted by RNAi than other 
regions and, thus, can be especially useful target sites. In one embodiment, dsRNA 
corresponding to a sequence of a gene to be degraded, labeled mRNA of the gene is 
combined with a soluble extract that mediates RNAi, thereby producing a 
combination. The resulting combination is maintained under conditions under 

15 which the dsRNA is degraded and the sites on the mRNA that are most efficiently 
cleaved are identified, using known methods, such as comparison to known size 
standards on a sequmcing gel. 

OVERVIEW OF EXAMPLES 

iSiochemical analysis of RNAi has become possible with the development of 

20 the in vitro Drosophila embryo lysate that recapitulates dsRNA-dependent silencing 
of gene expression described in Example I (Tuschl et al., Genes Dev., 13:3191-7 
(1999)). In the in vitro systeni, dsRNA, but not sense or asRNA, targets a 
corresponding roRNA for degradation, yet does not aflEect the stabihty of an 
imrelated control mRNA. Furthermore, pre-incubation of the dsRNA in the lysiate 

25 potmtiates its activity for target mRNA degradation, suggesting that the dsRNA 
must be converted to an active form by binding proteins in the extract or by covalent 
modification (Tuschl et al^, Genes Dev., 13:3191-7 (1999)). 

The. development of a cell-free system fiom syncytial blastoderai Drosophila 
embryos that recapitulates many ofthe features of RNAi is described hCT The 

30 interference observed in this reaction is sequence-specific, is promoted by dsRNA, 



wo 01/75164 



PCTAJSOl/10188 



"-20- . 

but not by smgle-straaded RNA, functions by specific mRNA degradation, requires 
. a minimum length of dsRNA and is most efficient with long dsRNA. Furthermore, 
preincubation ofdsRNApotentiates its activity. These results demonstrate that 
KNAi is mediated by sequence specific processes m 
5 As described in Exanq>le 2, the in vitro system was med to anal 

requirements df RKAi and to determine the fate of the dsRNA and the mRNA. 
RNAi in vitro requires ATP, but does not require either mRNA translation or 
recognition of the 7-methyl-guanosine c^ of the targeted mRNA. The dsRNA, but 
not single-stranded RNA, is processed in vitro to a population of 21-23 nt species. 

10 Deamination of adenosines within the dsRNA does not appear to be required for 
formation of the 21-23 nt RNAs. As described herein, the mRNA is cleaved only in 
the region conesponding to the sequence of the dsRNA and that th^ 
cleaved at 21-23 nt intervals, strongly indicating that the 21-23 nt firagments from 
the dsRNA are targeting the cleavage of the mRNA- Furthermore, as described in 

1 5 Examples 3 and 4, when the 21 -23 nt firagments are purified and added back to the 
soluble extract, they mediate RNA, 

The present invention is illustrated by the following examples, which are not 
intended to be limitii^g in any way, 

Kcamplel Targeted mRNA degnuiation by double-stranded RNA in vit^ 
20 Materials and Methods 
RNAs 

Rr-Luc mRNA consisted of the 926 nt Rr luciferase coding sequence flanked 
by 25 nt of 5' untranslated sequence fix)m the pSP64 plasmid polylinker and 25 nt of 
3' imtranslated sequence consisting of 19 nt of pSP64 plasmid polylinker sequence 

25 followed by a 6 nt Sac I site. Pp-Luc mRNA contained the 1 653 nt Pp lucifi^ase • 
coding sequence with a ^n I site introduced immediately before the Pp luciferase 
stop codon. The Pp coding sequence was flanked by 5* untranslated sequences 
consisting of 21 nt of pSP64 plasmid polylinker follow^ by the 512 nt of the 5' 
untranslated region (UTR) firom the Drosophila hunchback naRN^^ 

30 untranslated sequences consisting of the 562 nt hunchback 3' UTR followed by a 6 
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nt Sac I site. The hunchback 3' UTR sequences used contained six G-to-U mutations 
that disrupt function of the Nanos Response Elements in vivo and in vitro. Both 
rq)orter mKNAs tenninated in a 25 nt poly(A) tail encoded in the transcribed 
plasmid. Forlx)thRx-lAKJ andPp-LucmRNM thetraiiscri^^ 
5 run-ofif transcription from plasmid templates cleaved at an Nsi I site that 

immediately followed the 25 nt encoded poly(A) tail. To ensure that the transcripts 
ended with a poly(A) tail, tiie Nsi I-cleaved transcription templates were resected 
with T4 DNA Polymerase in the presence of dNTPs. The SP6 mMessage mMachine 
kit (Ambion) was used for in vitro transcription. Usiag this kit, about 80% .of the 

10 resulting transcripts are 7-methyl goanosine capped, ^^P-radiolabeling was 
accoinpUishedby includmg a-^^-UTP in 

For Pp -Luc, ss, as, and dsRNA corresponded to positions 93 to 597 relative 
to the start of translation, yielding a 505 bp dsRNA- For Rr -Luc, ss, as, and dsRNA 
corresponded to positions 1 18 to 618 relative to the start of translation, yielding a 

15 50 1 bp dsRNA. The Drosophila nanos competitor dsRNA corresponded to positions 
122 to 629 relative to the start of translation, yielding a 508 bp dsRNA. ssRNA, 
asRNA, and dsRNA (diagrammed in Figure 1) were transcribed in vitro with T7 
RNA polymerase from templates generated by the polymerase chains After 
gel purification of the T7 RNA transcripts, residual DNA template was removed by 

20 treatment with RQl DNase(Promega). The RNA was then extracted with phenol 
and chloroform, and then precipitated and dissolved in water. 
RNA annealing and native gel electrophoresis. 

ssRNA and asRNA (0.5 jiM) in 10 mM Tris-HCl (pH 7.5) with 20 mM NaCl 
were heated to 95 C for 1 min then cooled and annealed at room temperature for 12 

25 tol6 h. The RNAs were precipitated and resuspended in lysis buffer (below). To 
monitor annealing, RNAs were electrophoresed in a 2% agarose gel in TBE buffer 
and stained with ethidium bromide (Sambrook et al., Molecular Cloning. Cold 
Spring Harbor Laboratory Ptess, Plainview, NY. (1989)). 
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Lysate preparatioii 

Zero- to two-hoiir old embryos from Oregon R fUes were coUected o 
yeasted molasses agar at 2S^C. Embryos were dechorionated for 4 to S min in 50% 
(v/v) bleach, washed with water, blotted dry, and transf^ 
5 Potter-Elvehjem tissue grind©: (Kontes). Embryos were lysed at 4*C in one ml of 
lysis buffer (100 mM potassium acetate, 30 mM HEPES-KOH, pH 7.4, 2 mM 
magnesium acetate) containing 5 mM dithiothreitol (DTT) and 1 mg/ml Pefebloc SC 
(Boehringer-Mannheim) per gram of damp embryos. The lysate was centrifiiged for 
25 min at 14,500 x g at 4"C, and the supernatant flash frozen in aliquots in liquid . 
10 nitrogen and stored at -80'C. 

Reaction conditions 

Lysate prq)aration and reaction conditions were derived from those 
described by Hussain and Leibowitz (Hussain and Leibowitz, Gene 46:13-23 
(1986)). Reactions contained 50% (v/v) lysate, mRNAs (10 to 50 pM final 

15 concentration), and 10% (v/v) lysis buffer containing the ssRNA, asRNA, or dsRNA 
(1 0 dM final concentration). Each reaction also contained 10 mM creatine 
phosphate, 10 fig/ml creatine phosphokinase, 100 pM GTP, 100 yM UTP, 100 jiM 
CTP, 500 jiM ATP, 5 |iM DTT, OA U/niL RNasin (Promega), and 100 [xM of each 
amino acid The filial concentration of potassium acetate was adjusted to 1 00 mM. 

20 For standard conditions, the reactions were assembled on ice and then pre-incubated 
at 25* C for 10 min before adding mRNA. After adding mRNAs, the incubation was 
continued for an additional 60 min. The 10 min preincubation step was omitted for 
the experiments in Figures 3 A-3C tod 5A-5C; Reactions were quenched with four 
volumes ofi-25x Passive Lysis Buffer (Promega). Pp and Rr luciferase activity 

25 was detected in a Monolight 2010 Luminometer (Analytical Luminescence 
Laboratory) using the Dual-Luciferase Rq>orter Assay S)^em (Promega). 



RNA stability 

Reactions with ^^-radiolabeled mRNA were quenched by the addition of 40 
volumes of 2x PK buflEer (200 mM Tris-HCl, pH 7.5, 25 mM EDTA, 300 mM NaCl, 
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2% w/v sodimn dodecyl sulfate). Proteinase K (E.M. Merci^ dissolved in water) 
was added to a final concentration of 465 jxg/ml. The reactions were tten inctibated 
for 15 min at 65° C, extracted with phenol/chloroform/isoamjd alcohol (25:24:1), 
and precipitated with an equal volume of isopropanol. Reactions were analyzed by 
5 electrophoresis in a formaldehyde/agarose (0.8% w/v) gel (Sambrook et al„ 

Molecular Cloning. Cold Spring Harbor Laboratory Press, Plainview, NY. (1989)). 
Radioactivity was detected by exposing the agarose gel [dried under vacuum onto 
Nytran Plus membrane (Amersham)] to an image plate (Fujix) and quantified using 
a Fujix Bas 2000 and Image Gauge 3.0 (Fujix) software. 

10 Coimnercial lysateis 

Untreated rabbit reticulocyte lysate (Ambion) and Avhei^ 
(Ambion) reactions were assembled according to the manu&cturer's directions. 
dsRNA was incubated in the lysate at 27°C (wheat germ) or 30'C (retic 
lysate) for 10 min prior to the addition of mRNAs. 

15 Results and Discussion 

To evaluate if dsRNA could specifically block gene e3q)ressi 
reporter mRNAjs derived fi-om two different 1^ 

in sequence and in luciferin substrate specificity w^ used: ReniUa reniformis (sea 
pansy) luciferasie ORr-Luc) and Photuris petmsyivanica (firefly) luciferase (Pp-Luc). 

20 dsRNA generated fix)m one gene was used to target that luciferase mKNA whereas 
the other luciferase mRNA was an internal control co-translated in the same 
reaction. dsRNAs of approximately 500 bp were prepared by transcription of 
polymerase-chain reaction products from thef Rr-Luc and Pp-Luc genes. Each 
dsRNA began >-l 00 bp downstream of the start of translation (Figure 1). Sense (ss) 

25 and anti-sense (as) RNA were transcribed in vitro and annealed to each other to 
produce the dsRNA. Native gel elechx)phoresis of the individual Rr 501 and Pp 505 
ntasRNAandssRNAusedtofonntheRrandPpdsRNA^ waspref^^ The 
ssRNA, asRNA, and dsRNAs were each tested for their ability to block specifically 
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expression of their cognate mRNA but not the expression of fhie unrelated internal 
control mRNA. 

The ssRNA, asRNA, or dsRNA was incubated for 10 roin in a reaction 
containing Diosophila embryo lysate, then both Pp-Luc and Rr-Luc mRNAs were 

5 added aiid&e incubation continued for an additional 60 min.^1^^ 

embryo lysate efficiently translates exogenously transcribed mRNA under the 
conditions used. The amounts of Pp-Luc and Rr-Luc enzyme activities were 
measured and were used to calculate ratios of either Pp-Luc/Rr-Luc (Figure 2A) or 
Rr-Luc/Pp-Luc (Figure 2B). To facilitate comparison of diflferent experiments, the 

10 ratios from each experiment were normalized to the ratio obsCTved for a control in 
which buffer was added to tiie reaction in place of ssRNA, asRNA, or dsRNA. 

Figure 2A shows that a 10 nM concentration of the 505 bp dsRNA identical 
to a portion of the sequence of the Pp-Luc gene specifically inhibited expression of 
the Pp- Liic mRNA but did not affect expression of the Rr-Luc internal control 

15 Neither ssRNA nor asKNA affected expression ofPp-Luc or tibie Rr-Luc internal 
control. Thus, Pp-Luc expression was specifically inhibited by its cognate dsRNA, 
Conversely, a 10 nM concentration of the 501 bp dsRNA directed against the Rr-Luc 
mRNA specifically inhibited Rr-Luc expression but not that of the Pp-Luc internal 
control (Figure 2B). Again, comparable levels of s&RNA or asRNA had Uttle or no 

20 effect on expression of either reporter mRNA. On average, dsRNA reduced specific 
luciferase expression by 70% in these experiments, in wMch luciferase ac^ 
measured after 1 h incubation. In other experiments in which the translational 
capacity of the reaction was replenished by the addition of fresh lysate and reaction 
components, a fiirther reduction m targeted luciferase activity relative to the internal 

25 control was observed. 

The ability of dsRNA but not asRNA to inhibit gene expression in these 
lysates is not merely a consequence of the greater stability of the dsRNA Obtalf-life 
about 2 h) relative to tiie single-stranded RNAs (half-life - 10 min); ssRNA and 
asElNA transoibed with a 7-methyl guanosme cap were as stable in the lysate as 

30 xmcapped dsRNA, but do not inhibit gene e3q>ression. In contrast, dsRNA formed 
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from the C25)ped ssRNA and asRNA specifically blocks expression of the targeted 
mRNA. 

Effective RNAi in Drosbphila requires the injection of about 0.2 finol of 

dsW^A into a sjoicytial blastodcam embryo 
5 95:1017-1026 (1998); Carthew, 

wwLpitt.edu/-carfhew/manual/RNAi_P^^ Since the average 

volume of a Drosophila embryo is approximately 7.3 nl, this corresponds to an 
intracellular concentration of about 25 nM (Mazur et al., Cryobiology 25:543-544 
(1988)). Gene expression in the Drosophila lysate was inhibited by a comparable 

10 concentration of dsRNA (1 0 nM), but lowering the dsKNA concentration ten-fold 
decreased the amount of specific interference. Ten nanomolar dsRNA corresponds 
to a 200-fold excess of dsRNA over target mRNA added to the lysate. To test if this 
excess of dsRNA might reflect a time- and/or concentration-dependent step in which 
the input dsKNA was converted to a form active for gene-specific interference, the 

15 efifect of preincubation of the dsRNA on its ability to inhibit expression of its 

cognatemKNA was examined. Because the translational capacity of the lysates is 
significantly reduced after 30 min of incubation at 25 "C (unpublished observations), 
it was desired to ensure that all factors necessary for RNAi remained active 
throughout the pre-incubation period. Therefore, every 30 min, a reaction 

20 containing dsRNA and lysate was mixed with a fresh reaction containing 

unincubated lysate (Figure 3A). After six successive serial transfers spanning 3 
hours of preincubation, the dsRNA, now diluted 64-fold relative to its original 
concentration, was incubated with lysate and 50 pM of target mRNA for 60 miiL 
Finally, the Pp-Luc and Rr-Luc enzyme levels were measured. For comparison, the 

25 input amount of dsRNA (10 nM) was diluted 32-fold in buffer, and its capacity to 
generate gene-specific dsRNA interference in the absence of any preincubation step 
was assessed. 

The preincubation of the dsRNA in lysate significantly potentiated its 
capacity to inhibit specific gene expression. Whereas the dsRNA diluted 32-fold 
30 showed no effect, the preincubated dsRNA Was, within expramental error, ais potent 
as undiluted dsRNA, despite having undergone a 64-fold dU Potentiation of 
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the dsRNA by preincubation was observed for dsRNAs targeting both the Pp-Luc 
roKNA OFigure 3B) and the Rr-Lnc mRNA 0?igure 3C). Taking into account the 
64-fold dilution, the activation conferred by preincubation allowed a 156 pM _ 
concentration of dsRNA to inhibit 50 pM target mRNA Further, dilution of the 
5 "activated" dsRNA may be effective but has not been tested. We note that although 
both dsRNAs tested w^e activated by the preincubation procedure, each fiilly 
retained its specificity to interfere with expression only of the mRNA to which it is 
homologous. Further study of the reactions may provide a route to identifying the 
mechanism of dsRNA potentiatioiL 

10 One possible ejqplanation for the observation that preincubation of the 

dsRNA enhances its capadty to inhibit gene expression i^ 
* specific factors either modify and/or associate with the dsRNA. Accordingly, the 
addition of increasing amounts of dsRNA to the reaction might titrate such factors 
and decrease the amount of gene-specific interference caused by a second dsRNA of 

15 unrelated sequence. For both Pp-Luc mRNA and Rr-Luc mRNA, addition of 

increasing concentrations of tiie unrelated Drosophila nanos dsRNA to the reaction 
decreased the amount of gene- specific interference caused by dsRNA targeting the 
reporter mRNA (Figure 4). None of the tested concentrations of nanos dsRNA 
affected the levels of translation of the untargeted naRNA demonstrating that the 

•20 nanos dsRNA specifically titrated factors involved in gene-specific interference and 
not components of the translational machinery. The limiting factor(s) was titrated by 
addition of approximately 1 000 nM dsRNA, a 200-fold excess over the 5 nM of 
dsRNA used to produce specific interference. 

Interference in vitro nnght reflect eithCT a specific inWbition of inRNA 

25 translation or the targeted destruction of the specific mia^^ To distinguish these 
two possibilities, the fates of Ihe Pp-Luc and Rr-Luc mRNAs were examined 
directty usmg ^^P-radiolabeled substrates. Stability of 10 nM iPp-Luc mRNA or 
Rr-Luc mRNA incubated in lysate with eitiier buffer or 505 bp Pp-dsRNA (10 nM). 
Sanq)les were deproteinized after the indicated times and the ^-radiolabeled 

30 mRNAs were then resolved by denaturing gel electrophoresis. Li the absence of 
dsRNA, both the Pp-Luc and Rr-Luc mRNAs were stable in the lysates, with - 75% 
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of the input mRNA remaining after 3 h of incubation. (About 25% of the input 
mKNA is rapidly degraded in the reaction and likely represents uncapped mRNA 
generated by the in vitro transcription process.) In the presence of dsKKA (10 nM, 
505 bp) targeting the Pp-Luc mRNA» less than 1 5% of the Pp-Luc mRNA remained 
5 after 3 h (Figure 5A). As expected, the Ibr-Lucmi^A remained stable in the 
presence of the dsKNA targeting Pp-Luc ntiKNA. Coliversely, dsRNA (10 nM, 501 
bp) targeting the Rr-Luc mRNA caused the destruction of the Rr-Luc mRNA but had 
no effect on the stability of Pp-Luc mRNA (Figure 5B). Thus, the dsRNA 
specifically caused accelerated decay of the mRNA to which it is homologous with 
10 no effect on the stability of the unrelated control mRNA. This ftnding indicates that 
in vivo, at least in Drosophila, the effect of dsRNA is to directly destabilize the 
target mRNA, not to change the subcellular localization of the naRNA, for example, 
by causing it to be specifically retained in the nucleus, resulting in nbn-^specific 
degradation. 

15 These results are consistent with the observation that RNAi leads to reduced 

cytoplasmic mRNA levels in vivo, as measured by in situ hybridization 
(Montgomery et al., Proc. Natl. Acad. Sci. USA 95:15502-15507 (1998)) and 
Northem blotting (Ngo et al., Proc. Natl. Acad. Sci. USA 95:14687-14692 (1998)). 
Northern blot analyses in txypanosomes and hydra suggest that dsRNA typically 

20 decreases mBNA levels by less than 90% (Ngo et al., Proc. Natl. Acad. Sd. USA 
95:14687-14692 (1998); Ix)hmannetal., Dev. Biol. 2l4:2n-214(l The data 
presented here show that in vitro niE(NA levels are reduced 65 to 85% after three 
hours incubation, an effect comparable with observations in vivo. They also agree 
with the finding that RNAi in C. elegans is post- transcriptional (Montgomery et al., 

25 Proc. Natl. Acad. Sd. USA 95:15502-15507 (1998)). The simplest e3q)lanation for 
the specific effects on protein synthesis is that it reflects the accelerated rate of RNA 
decay. However, tiie results do not exclude indep^dent but specific effects on 
translation as well as stability. 

. In vivo, RNAi appears to require a minimum length of dsRNA (Ngo et al., 

30 Proc. Natl. Acad. Sci., USA, 95:14687-14692 (1998)). The abiUty of RNA duplexes 
: of lengths 49 bp, 149 bp, 505 bp, and 997 bp (diagrammed in Figure 1) to target the 
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degradation of the Pp-Luc mKNA in vitro Was assessed. In good agreement with in 
vivo observations, the 49 bp dsRNA was inefifective in vitro, while the 149 bp 
dsRNA enhanced mRNA decay only slightly, and both the 505 and 997 bp dsKNf As 
caused robust mSNA degradation (Figure 5C). 50bp dsRNA targeting other 
5 portions of tiie mRNA cause detectable mRNA degradation, though not as robust as 
that seen for 500bp dsRNA. Thus, although some short d&EQ^ 
RNAi, dth^ of approximately the same length, but different composition, will be 
able to do so. 

Whether the gene-specific interference observed in Drosophila lysates was a 

10 general property of cell-free translation systems was exanodned. The effects of 
dsRNAs on expression of I^I^c and Rr-Luc mRNA were examined 
commercially available wheat geitn extracts There 
was no effect of addition of 10 iiM of either sisRNA, asRNA, or dsRNA on the 
expression of either mRNA reporter m wheat germ exta In contrast, the addition 

15 of 10 nM of dsBNA to the rabbit reticulocyte lysateca^ 

non-specific dearease in mRNA stability. For example, addition of Rr-Luc dsRNA 
caused degradation of both Rr-Luc and Pp-Luc mRNAs within 15 min. The same 
non-specific effect was observed upon addition of Pp-Luc dsRNA. The non-specific 
destruction of mRNA induced by the addition of dsRNA to the rabbit reticulocyte 

20 lysate presumably reflects the previously observed activation of RNase L by dsRNA 
(Clemens and WUUams, Cell 13:565-572 (1978); WiUiams et aL, Nucleic Acids Res. 
6:1335-1350 (1979); Zhou et al.. Cell 72:753-765 (1993); Matthews, Interactions 
between Viruses and the Cellular Machinery for Protein Synthesis. Jn Translatipnal 
Control (eds- J. Harshey, M. Mathews andN. Sonenberg), pp. 505-548. Cold 

25 Spring Harbor Laboratory Press, Plainview, NY. (1996)). Mouse cell lines lacking 
dsRNA-induced anti- viral pathways have recentiy been described (Zhou et al.. 
Virology 258 :435-440 (1999)) and may be usefid in the search for mammalian 
RNAi. Although RNAi is known to exist in some mamnialian cells (Wianny and 
Zemicka-Goetz Nat Cell BioL 2: 70-75 (2000)), in n:iahy mammalian cell typ^ its 

30 presence is likely obscured by the n5)id induction by dsRNA of non-specific 
anti-viral responses. 
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dsRNA-targeted destruction of specific mRNA is characteristic of RNAi, . 
which has been observed in vivo in many organisms, including Drosophila. The 
system described above recapitulates in a reaction in vitro many aspects of RNAi. 
The targeted mRNA is specifically degraded whereas unrelated control mKNAs 
5 present m the same solution are not affected. The process is most efficient with 
dsRNAs greater than 150 bp in length. The dsKNA-specific degradation reaction in 
vitro is probably general to many, if not all, mRNAs since it was observed using two 
unrelated genes. 

The magnitude of the effects on mRNA stabiHty in vitro described herein are 
10 comparable with those reported in vivo (Ngo et al., Proc. Natl. Acad. Sci., USA, 
95:14687-14692 (1998); Lohmann et al., Dev. BioL, 214:21 1-214 (1999). However, 
the reaction in vitro requires an excess of dsRNA relative to mRNA. In contrast,.a 
few molecules of dsRNA per cell can inhibit gme expression in vivo (Fire et al.. 
Nature, 391: 806-811 (1998); Kemierdell and Carthew, Cell, 95:1017-1026 (1998)). 
15 The difference between the stoichiometry of dsSNA to target mRNA in vivo and in 
vitro should not be surprising in that most in vitro reactions are less efficient than 
their corresponding in vivo processes. Ihterestringly, incubation of the dsRNA in the 
lysate greatly potentiated its activity for RNAi, indicating that it is either modified or 
becomes associated with other factots or both. Perhaps a small niunber of molecules 
20 is effective in inhibiting the targeted mRNA in vivo because the injected dsRNA has 
been activated by a process similar to that reported here for RNAi in Drosophila: 
lysates. 

Example 2 Double-Stranded RNA directs the ATP-dependent cleavage of 
mRNA at 21 to 23 nucleotide intervals 
25 Methods and Material 
In vitro RNAi 

In vitro RNAi reactions and lysate preparation were as described in Example 
1 (Tuschl et al., Genes Dev., 13:3191-7 (1999)) except that the reaction contained 
0.03 g/ml creatine kinase, 25 \sM creatine phosphate (Fluka), and 1 mM ATP. 
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Creatine pho^hate was freshly dissolved at 500 mM in water for each experiment, 
GTP was omitted from the reactions, except in Figures 2 and 3. 

RNA Synthesis. 

Pp-luc and Rr-luc mRNAs and Pp- and Rr-dsKNAs (including dsRNA TB' in 
5 Figure 6) were synthesized by in vitro transoiption as described previously (Tuschl 
etal.. Genes Dev., 13:3191-7(1999)). To generate transcription tranplates for 
dsRNA the 5 ' sense RNA primer was 

gcgtaatacgactcactataGAACAAAGGAAACGGATGAT (SEQ ID NO: 2) and the 3' 
sense RNA primer was GAAGAAGTTATTCTCCAAAA (SEQ ID NO: 3); the 5' 
10 asRNA primer was gcgtaatacgactcactataGAAGAAGTTATTCTCCAAAA (SEQ ID 
NO: 4)and the 3' asRNA primer was GAACAAAGGAAACGGATGAT (SEQ ID 
NO: 5). For dsRNA W the 5' sense RNA primer was 

gcgtaatacgactcactataGTAGCGCGGTGTATTATAGC (SEQ ID NO: 6)and the 3' 
sense RNA primer was GTACAACCjTCAGGTTTACCA (SEQ ID NO: 7); the 5' 

15 asRNA primer was gcgtaatacgactcactataGTACAACGTCAGGTTTACCA (SEQ ID 
NO: 8)and the 3' asRNA primer was GTAGCGCGGTGTATTATACC (SEQ ID 
NO: 9) (lowercase, T7 promoter sequence). 

mRNAs were 5'-end-labeled using guanylyl transferase (Gibco/BRL), S- 
adenosyl methionine (Sigma), and a-^^-GTP (3000 CS/mmol; New England 

2Q Nuclear) according to the manufacturei's directions. Radiolabeled RNAs were 
purified by poly(A) selection using the Poly(A) Tract IE kit ^*romega). 
Nonradioactive 7-methyl- guanosine- and adenosine-capped RNAs were synlhesized 
in in vitro transcription reactions with a 5-fold excess of 7-methyl-G(5')ppp(5')G or 
A(5')ppp(5')G relative to GTP. Cap analogs were purchased from New England 

25 Biolabs. 

ATP depletion and Protein Synthesis Inhibition 

ATP was depleted by incubating the lysate for 10 minutes at 25*C with 2 
mM glucose and 0. 1 U/ml hexokinase (Sigma). Protein synthesis iiihibitors were 
purchased from Sigma and dissolved in absolute ethanol as 250-fold concentrated 
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stocks. The final concentrations of inWbitore in the 

mg/ml; cycloheximide, 100 mg/ml; chloramphenicol, 100 mg/ml. Relative protein 
synthesis was deteimined by measuring the activity of Rr luciferase protein 
produced by translation of the Rr-luc mRNA in the RNAi reaction after 1 hour as* 
5 describedpreviously(TuscMetd., Genes Dev., 13:3191-7 (19^^ 

Analysis of dsRNA Processing 

hitemally a-^^P-ATP-labeled dsRNAs (505 bp Pp-luc or 501 Rr-luc) or 7-methyl- 
guanosine-capped Rr-luc antisense RNA (501 nt) were incubated at 5 nM final 
concentration in the presence or absence of unlabeled mRNAs in Drosophila lysate 

10 for 2 hours in standard conditions. Reactions were stopped by the addition of 2x 
proteinase K buffer and deprotdnized as described previously (Tuschl et al.. Genes 
Dev., 13:3 191- 3197 (1999)). Products were analyzed by electrophoresis in 15% or 
18% polyacrylamide sequencing gels. Length standards were generated by conxplete 
RNase Tl digestion of a-^^-ATP-labeled 501 nt Rr-luc sense RNA and asRNA- 

15 For analysis of mRNA cleavage, 5 '-^^-radiolabeled noJElNA (described 

above) was incubated with dsRNA as described previously (Tuschl et al., Genes 
Dev., 13:3191- 3197 (1999)) and analyzed by electrophoresis in 5% (Figure 5B) and 
6% (Figure 6C) polyacrylamide sequencing gels. Length standards included 
commercially available RNA size standards (FMC Bioproducts) radiolabeled with 

20 guanylyl transferase as described above and partial base hydrolysis and RNa^^ 
ladders generated fiiom the 5'-radiolabeled mRNA. 

Deamination Assay 

IntemaUy a-^^-ATP-labeled dsRNAs (5 nM) were incubated in Drosophila 

lysate for 2 hours at standard conditions. After deproteinization, samples were run 
25 on 12% sequencing gels to separate full-length dsRNAs &om the 21-23 nt products. 
RNAs were eluted from the gel slices in 0.3 M NaCl overnight, ethanol-predpitated, 
collected by centrifugation, and redissolved in 20 fxl water. The RNA was 
hydrolyzed into nucleoside 5 ^phosphates with nuclease PI (10 (il reaction 
containing 8 \i\ RNA in water, 30 mM KOAc pH 5.3, 10 mM ZnS04, 10 \ig or 3 
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units nuclease PI, 3 hours, 50° C). Samples (1 ml) were co-spotted with 
non-radioactive 5 -mononucleotides [0.05 O.D. imits (Ajeo) of pA, pC, pG, pi, and 
pU] on cellulose HPTLC plates (EM Merck) and separated in tiie first dimension in 
isobutyric acid/25% ammonia/water (66/1/33, v/v/v) and in the second dimension in 
5 O.IM sodiuin phosphate, pH 6.8/ammonium sulfate/^l-propanol (100/60/2, v/w/v; 
Silberklang et al. , 1979)- Migration of the non- radioactive internal standards was 
detennined by UV-shadowing. 

Results and Discussion 
RNAi Requires ATP 

10 As described m Example IjDrosophila embryo lysa^ fiuthfiillyrecq)itulate 

RNAi (Tuschl et al,. Genes Dev., 13:3191-7 (1999)). Previously, dsRNA-mediated 
gene silencing was monitored by measuring the S3^thesis of luciferase protein fit>m 
the targeted mRNA, Thus, these RNAi reactions contained an ATP-regenerating 
system, needed for the efBcient translation of the mRNA. To test if ATP was, in 

15 fact, required for RNAi, the lysates were depleted for ATP by treatment with 
hexokinase and glucose, which converts ATP to ADP, and RNAi was monitored 
directly by foUowing the fate of ^^P-radiolabeled ReniUa renifonm 
(Rr-luc) mRNA (Figure 6). Treatment with hraokmase and glucose reduced the 
endogenous ATP level in the lysate fixjm 250 jiM to below 10 jiM. ATP 

20 regenmtion required both exogenous creatine phosphate and creatme kinase, which 
acts to transfCT a high-energy phbsphate froni creatine phosphate to ADP. When 
ATP-depleted extracts were supplemaited with either creatine phosphate or creatibe 
kinase separately, no RNAi was obsmred. Therefore, RNAi requires ATP in vitro. 
When ATP, creatine phosphate, and creatine kinase were all added together to 

25 reactions containing the ATP-depleted lysate, dsRNA-dependent degradation of the 
Rr-luc mRNA was restored (Figure 6). The addition ofexogenous ATP was not 
required for efBcient RNAi in the depleted lysate, provided tiiat both creatine 
phosphate and creatine Idnase were present, demonstrating that the isndogenous 
concentration (250 mM) of adenosine nucleotide is sufficient to support RNAi. 

30 RNAi with a Photinus pyralis luciferase (E^-luc) mRNA was also ATP-dependent. 
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The stabiKty of the Rr-luc caRNA 
in ATP-depleted lysates relative to that observed when the energy regenerating 
system was included, but decay oiF the mRNA under these conditions did not display 
the rapid decay kinetics characteristic of RNAi in vitro, nor did it generate the stable 
5 niKNA cleavage products characteristic of dsBNA-direc^ These 
experiments do not establish if tiie ATP requirement for KNAi is dir^ 
ATP in one or more steps in tiie RNAi mechanisni, or indirect, reflecting a role for 
ATP in maintaining high concentrations of another'imcleoside triphosphate in the 
lysate. 

10 Translation Is Not Required for RNAi In Vitro 

The requirement for ATP suggested that RNAi imght be c^ 
translation, a highly energyrdependent process. To test this possibility, various 
inhibitors of protein synthesis were added to the reaction by preparing a denatixring 
agarose-gel analysis of S'-32P-radiolabeled Pp-luc mRNA aft^ incubation for 

15 indicated times in a standard RNAi reaction with and without protein synthesis 
inhibitors. The eukaryotic translation inhibitors anisomycin, an inhibitor of initial 
peptide bond formation, cyclohexicnide, an inhibitor of peptide chain elongation, and 
puromycin, a tElNA mimic which causes premature termination of translation 
(Cundliffe, Antibiotic Inhibitors of Ribosome Function. In The Molecular Basis of 

20 Antibiotic Action, E. Gale, E. Cundlifie, P. Reynolds, M. Richmond and M. 

Warning, eds. (New York: WileyX pPv402-547. (1981)) were tested. Each of these 
inhibitors reduced protein synthesis in the Drosophila lysate by more than 1 ,900-fold 
(Figure 7A). la contrast, chloramphenicol, an inhibitor of Drosophila mitochondrial 
protein synthesis (Page and Orr-Weaver, Dev. Biol., 183 :195-207 (1997)), had no 

25 effect on translation in the lysates (Figure 7A). Despite the presence of anisomycin, 
cyclohexirnide, or chloramphenicol, RNAi proceeded at noixtial e£&ciency. 
Puromycin also did not perturb efficient RNAi. Thus, protein synthesis is not 
required for RNAi m vitro. 

Traiislational imtiation is an ATP-dep^adent process that involves 

30 recognition of the 7-methyl guanosine cap of the mRNA (Kozak, Gene, 234:187-208 
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(1999); Merrick and Hershey, The Pathway and Mechanism of Eukaryptic Protein 
. Synthesis. In Translational Control, L Hershey, M- Mathews and N. Sonenberg, eds. 
(Cold Spring Harbor, NY: Cold Spring Harbor Laboratory Press), pp. 3 1-69 (1996)). 
The Drosdphila lysate used to support RNAi in vitro also recapitulates the 
5 cap-dependence of translation; Pp-luc inRNA with a 7-niethyl-guanosine cap was 
translated greater than ten-fold more efficiently than was the same mRNA with an 
A(5')ppp(5')G cap (Figure 7B). BoHi RNAs were equally stable in the Drdsophila 
lysate, showing that this difference in efl&ciency cannot be merely explained by more 
rapid decay of the roRNA with an adenosine c^ (see also Gebauer et al., EMBO J., 
10 18:6146-54 (1999))- Althougji the translational machinery can discruninate between 
Pp-luc mKNAs with 7- methyl-guanosine and adenosine caps, the two mRNAs were 
equaUy susceptible to RNAi in the presence of Pp-ds^ These 
results sugge^ tibat stqps in cap recognition are not'invoiv^ 

ddlNA is Processed to 21-23 nt Species 

15 ' RNAs 25 nt in Iragth are generated jfrom both the sense and anti-sense 

strands of genes undergoing post-transcriptional gene silencing in plants (Hamilton 
and"Baulcombe, Science, 286:950-2 (1999)). Denaturing acrylamide-gel analysis of 
the products formed in a two-hour incubation of uniformly -^^-radiolabeled dsRNAs 
and capped asRNA in lysate under standard RNAi conditions, in the presence or 

20 absence of target mRNAs. It was found that dsRNA is also processed to stnallRNA 
fragments. When incubated in lysate, approximately 15% of the mput radioactivity 
of botih the 501 bp Rr-dsRNA and the 505 bp Pp-dsRNA appeared in 21 to 23-nt 
RNA fragments. Because the dsRNAs are more than 500 bp in length, the 15% 
yield offragmentsimpUes that multiple.21-23nt RNAs are produced from each : 

25 full-length dsRNA molecule. No other stable products wore detected The small 
RNA species were produced from dsRNAs in which both strands were uniformly 
^^P-radiolabeled. Formation of the 21-23 nt RNAs from the dsRNA did not require 
the presence of the corresponding mRNA, dimionstrating that tiie small RNA species 
is generated by processing of the dsRNA, rather than as a product of 
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dsRNA-targeted mRNA degradation. It was noted that 22 nucleotides coiresponds 
to two turns of an A-form RNA-RNA helix. 

When dsRNAs radiolabeled within either the sense or the anti-sense strand 
were incubated with lysate in a standard RNAi reaction, 21-23 nt RNAs were 
5 generated with comparable efficiency^ These data support the idea that the 21-23 nt 
RNAs are generated by symmetric processing of ttie dsRNA, A variety of data 
support the idea that the 21-23 nt RNA is efficiently generated only from dsRNA 
and is not the consequence of an interaction between single-stranded RNA and the 
dsRNA. First, a ^^P-radiolabeled 505 nt Pp-luc sense RNA or asRNA was not 

10 efficiently converted to the 21-23 nt product when it was incubated with 5 nM 
nonradioactive 505 bp I^- d^RNA* Second, in the absence of 
7-methyl-guanosine-cappedRr-asRNA produced only a barely detectable amount 
of 21-23 nt KNA (capped single- stranded RNAs are as ^ 
dsRNA, Tuschl et al-. Genes Dev., 13:3191- 7 (1999)), probably due to a miall 

15 amount of dsRNA contaminating the anti-sense preparation. Ho wever, when Rr-luc 
roRNA was included in the reaction with the radiolabeled, capped Rr-asRNA, a 
small amount of 21-23 nt product was generated, corresponding to 4% of the amount 
of 21-23 nt RNA produced fiom an equimolar amoimt of Rr-dsRNA. This result is 
unlikely to reflect the presence of contaminating dsRNA in the Rr-asRNA 

20 preparation, since significantly more product was generated from the asRNA in the 
presence of the Rr-luc mRNA than in the absence. Instead, the data suggest that 
asRNA can interact with tiie complraientary noRNA sequences to form dsRNA in 
the reaction and that the resulting dsRNA is subsequentiy processed to the small 
RNA-^eeies. Rr-asRNA can support a low level of bona fide RNAi in vitro (see 

25 below), consistent with fliis explanation. 

It was next asked if production of the 21-23 nt RNAs firom dsRNA required 
ATP. men the 505 bp Pjp-dsRNA was incubated in a 1^^^^ 
treatment with hexokinase and glucose, 21-23 nt RNA was produced, albeit 6 times 
slower than when ATP wais regenerated in tiie depleted lysate by the inclusion of 

30 creatine kinase and creatine phosphate. Therefore, ATP may not be required for 
production of the 21-23 nt RNA species, but may instead simply enhance its 
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foimatioiL Alternatively, ATP may be required for processing of the dsKNA, but at 
a concentratioii less than that remaining after hexokinase treatment. The molecular 
basis for the slower mobiUty of the small IU!^A firagments gen 
ATP-depleted lysate is not understood. 
5 Wagner and Sim (Wagqer and Sun, Nature, 391:744-745 (1998)) and Sharp 

(Shaip, Genes Dev., 13:139-41 (1999)) have speculated fliat the requirement for 
dsRNA in gene silencing by KNAi reflects the involvement of a dsRNA-specific 
adenosine deaminase in the process. dsRKA adenosine deaminases unwind dsKNA 
by converting adenosine to inosine, which does not base-pair with xiraci^^ dsRNA 

10 adenosine deaminases function in the post-transcriptional editing of mRNA (for 
review see Bass, Trends Biochem. ScL, 22:157-62 (1997)). To t^^ 
involvement of dsRNA ad^osine deaminaise in RNAi, the degree of conversion of 
adenosine to inosine in the 501 bp Rr-luc and 505 bp Pp-luc dsKNAs after 
incubation with Drosophila embiyo lysate in a standard in vitro KNAi reaction was 

15 examined. Adenosine deamination in fiill-length dsRNA and the 21-23 nt KNA 
species was assessed by two-dimensional thin-lay^ chromatography. laorganic 
phosphate (Pj,) was produced by the degradation of mononucleotides by 
phosphatases that contaminate commercially available nuclease PI (Auxilien et al., 
J. MoL BioL, 262:437-458 (1996)). The degree of adenosine deamination in the 

20 21-23 nt species was also detennined. The full-length daRNA radiolabeled with 
[^^P]-adenosine was incubated in &e lysate, and both the full-length dsRNA and the 
21-23 nt RNA products were purified &om a denaturing aciylainide gel, cleaved to 
mononucleotides with nuclease PI, and analyzed by two-dimensional thin-- layer 
chromatography. 

25 A significant firaction of the adenosines in the fidl-length dsRNA were 

converted to inosine after 2 hours (3.1% and 5.6% conversion for Pp-luc and Rr-luc 
dsRNAs, respectively). In contrast; only 0.4% (Pp-dsRNA) or 0.7% (Rr-dsKNA) of 
the adenosines in the 21-23 nt species were deanoinated. These data iiuply that 
fewer than 1 in 27 molecules of the 21-23 nt KNA species contain an inosine. : 

30 Th^fore, it is unlikely that dsRNA-dependent adenosine deamination within the 
21-23 nt species is required for its productioiL 
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asRNA Generates a SmaU Amount of RNAi in vit^ 

When mRNA was ^^P-radiolabeled within the 5'-7-methyl-guanosine cap, 
stable 5' decay products accumulated during the RNAi reaction. Such stable 
5'decay products were observed for both the Pp-luc and Rr-luc mRNAs when they 
5 were incubated with ttieir cognate dsRNAs. Previously, it was reported that efficient 
RNAi does not occur when asRNA is used in place of dsRNA (Tuschl et al,. Genes 
Dev., 13:3191-7 (1999)). Nevertheless, mRNA was measurably less stable when 
mcubated with asRNA than with buffer (Figures 8A and 8B). This was particularly 
evident for the Rr-luc mRNA: approximately 90% of the RNA remained intact after 

10 a 3-hour incubation in lysate, but only 50% when asRNA was added Less than 5% 
remained when dsRNA was added. Interestmgly, the decrease in mRNA stability 
caused by asRNA was accompanied by the formation of a small amount of the stable 
X 5'-decay products characteristic of the RNAi reaction with dsRNA; This finding 
parallels the observation that a small amount of 21- 23 nt product fi>nned from the 

15 asRNA when it was incubated with the mRNA (see above) and lends strength to the 
idea that asRNA can enter the RNAi pathway, albeit inefficiently. 

naRNA Cleavage Sites Are Determined by the Sequence of the dsRNA 

The sites of mRNA cleavage were examined using three different dsRNAs, 
'A,' and 'C,* displaced along the Rr4uc sequence by approxi^ 

20 Denaturing acxylamide-gel analysis of fiie stable, 5'-cleavage products produced 
- aft^ mcubation of the Rr-luc mRNA for the indicated times with each of the three 
dsRNAs, ^A,' and 'C,' or wifli buffer (0) was perfonned. The positions of these 
relative to the Rr-luc mRNA sequence are shown in Figure 9. Each of the three 
dsRNAs was incubated in a standard RNAi reaction with Rr-luc inRNA 

25 ^^-radiolabeled within the 5'-cq). In the absence of dsRNA, no stable 5'-cleavage 
products were detected for the mRNA, even after 3 hours of incubation in lysate. In 
contrast, after a 20-minute incubation, each of the tbree dsRNAs produced a ladder 
of bands corresponding to a set of mRNA cleavage products characteristic for that 
particular dsRNA. For each dsRNA, the stable, 5' mRNA cleavaige products were 

30 restricted to the region of the Rr-luc mRNA that corresponded to the dsRNA 
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(Figures 9 and 10). For dsRNA 'A,* the lengths of the 5'- cleavage products ranged 
from 236 to just under -750 nt; dsRNA 'A' spans nucleotides 233 to 729 of the 
Rr-IucmRNA. Incubation of the mRNA with dsRNAB'^ 
5'-cleavage products ranging in length from 150 to '^00 nt; dsRNA *B* spans 
5 nucleotides 143 to 644 of the inRNA. Finally, dsRNA 'C produced mRNA cleavage 
products from 66 to '^SOO nt in length. This dsRNA spans nucleotides 50 to 569 of 
the Rr-luc mKNA. Therefore, the dsRNA not only provides specificity for the RNAi 
reaction, selecting which mRNA from the total cellular mRNA pool wiU be 
degraded, but also determines the precise positions of cleavage along the mRNA 
10 sequence. 

The mRNA Is Cleaved at 21-23 Nucleotide Intervals 

To gain frirther insight into the mechanism of RNAi, the positions of several 
mRNA cleavage sites for each of the three dsRNAs were m^ed (Figure 10). High 
resolution denaturing acryiamide-gel analysis of a subset of the 5 '-cleavage products 

1 5 described above was performed Remarkably, most of the cleavages occurred at 
2:1-23 nt intervals (Figure 10). This spacing is especially striking in light of our 
observation that the dsRNA is processed to a 21-23 nt RNA specie and the fitiHing 
of Hamilton and Baulcombe tiiat a 25 nt RNA correlates with post-transcriptional 
gene silencing in plants (Hamilton and Baulcombe, Science, 286:950-2 (1999)). Of 

20 the 16 cleavage sites we m^ed (2 for dsRNA 'A,' 5 for dsRNA B,* and 9 for 
dsRNA 'C), all but two reflect the 21-23 nt interval. One of tiie two exceptional 
cleavages was a weak cleavage site produced by.dsRNA 'G' (indicated by an open 
blue circle in Figure 10). This cleavage occurred 32 nt 5' to the next cleavage site. 
The other exception is particularly intriguing. Afterfour cleavages spaced 21-23 nt 

25 apart, dsRNA*C caused cleavage of the rnRNA just lunent 3' to theprevious 

cleavage site (red arrowhead in Figure 10); This cleavage occuired in a run of seven 
uracil residues and appears to "reset" the ruler for cleavage; tiie next cleavage site 
was 21-23 nt 3' to the exceptional site. The tiiree subsequent cleavage sites that we 
mapped were also spaced 21-23 nt apart Curiously, of the sixteen cleavage sites 

30 caused by the three different dsRNAs, fourteen occur at uracil residues. The 
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significance of this finding is not understood, but it suggests that mRNA cleavage is 
determined by a process which measures 21-23 nt intervals and which has a 
sequence preference for cleavage at uracil. Results show that the 21-23 nt RNA 
species produced by incubation of -500 bp dsRNA in the lysate caused sequence- 
5 specific interference in vitro when isolated fix)m an acrylamide gel ^d added to a 
new RNAi reaction in place of the fuU4engfli dsRNA- 

A Model for dsRNA-directed mRNA Cleavage 

Without wishing to be bound by theory, the biochernical data described 
herein, together with recent genetic experiments in C. elegans and Neurospora 

10 (Cogoni and Macino, Nature, 399:166-9 (1999); Grishok et aL, Science, 287: 2494-7 
(2000); Ketting et al.. Cell, 99:133^1 (1999); Tabara et al.. Cell, 99:123-32 (1999)), 
suggest a model for how dsRNA targets mRNA for destruction (Figure 1 !)• In this 
model, the dsRNA is first cleaved to 21-23 nt long firagments m a process likely to 
involve genes such as the C. elegans loci rde-1 and rde-4. The resulting firagments, 

15 probably as short asRNAs bound by RNAi-specific proteins, would then pair wit^ 
the mRNA and recruit a nuclease that cleaves the mRNA. Alternatively, strand 
exchange could occur in a protein-RNA complex that transiently holds a 2 1 -23 nt 
dsRNA firaginent close to the mRNA. Separation of the two strands of the dsRNA 
following firagmentation inig^t be assisted by an ATP-dqpendent RNA heUc^^ 

20 explaining the observed ATT enhancement of 21-23 n^ 

It is likely that each small RNA fiagment produces one, or at most two, 
cleavages in the mRNA, perhaps at the 5' or 3' ends of the 21-23 nt firaginent The 
small RNAs may be amplified by an RNA-directed RNA polymerase such as that 
encoded by the ego-1 gene in C* elegaiis (Smardon et al,. Current Biology, 

25 10:169-178 (2000)) or the qde-1 gene in Neurospora (Cogoni and Macino, Nature, 
399:166-9 (1999)), producing long-lasting post-transcriptional gene silencing in the 
absence ofthedsRNA that initiated the RNAi effect Heritable RNAi in C. elegans 
requires the rde-1 and rde-4 genes to initiate, but not to persist in subsequent 
generations. The Tde-2, rde- 3, and mut-7 genes in C. elegans are required in the 

30 tissue where RNAi occurs, but are not required for initiation of heritable RNAi 
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(Grishok et al., Scirace, in press 2000). These 'effector' genes (Grishok et al.. 
Science, in press 2000) are likely to encode proteins fimctioning in the actual . 
selection of mRNA targets and in flieir subsequent cleavage. ATP may be required 
at any of a number of steps during KNAi, including con^Iex formation on the 
5 dsRNA, strand dissociation during or after dsRNA cleavage, pairing of the 21-23 nt 
KNAs with the target naKNA, mRNA cleavage, and recycling of the targeting 
complex. Testing these ideas with the in vitro RNAi system will be an important 
challenge for the future. Some genes involved in RNAi are also important for 
transposon silencing and co-suppresion. Co-suppression is a broad biological 
10 phenomenon spanning plants, insects and perhaps humians. The most likely 

mechanism in Drosophila melanogaster is transcriptional silencing OPal-Bhanra et al. 
Cell 99: 35-36. Thus, 21-23 nt fragments are likely to be involved in transcriptional 
contn)!, as weU as inpost-transcriptional cotrol. 

Examples Isolated 21-23 mers caused sequence-specific interference when 

15 . added to a new RNAi reaction 

Isolation of 21-23 nt fragm^ts from incubation reaction of 500 bp dsRNA in lysate, 
Double-stranded RNA (500 bp from) was incubated at 10 nM concentration 
in Diosophila embryo lysate for 3 h at 25^ C under standard conditions as described 
hereiiL After deproteinization of the sample, the 21-23 nt reaction products were 

20 separated iOrom unprocessed dsIUSTA by denaturing polyaciy 

electrophoresis. For detection of the non-radiolabeled 21-23 nt fragments, an 
incubation reaction with radiolabeled dsRNA was loaded in a separate lane of the 
same gel. Gel slices containing the non-radioactive 21-23 nt fragments were cut out 
and the 21-23 nt fragments were eluted from the gel slices at 4° C overnight in 0.4 

25 ml 0.3 M NaCl. The RNA was recovered from the supernatant by etfaanol 

precipitation and centrifiigation. The RNA pellet was dissolved in 1 0 )il of lysis 
buffer. As control, gel slices shortly above and below the 21-23 nt band were also 
cut out and subjected to the same elution and precipitation procedures. Also, a 
non-incubated dsRNA loaded on the 15% gel and a gel slice corresponding to 21-23 

30 nt fragments was cut out and eluted. All pellets from the control experiments were 
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dissolved in 10 \il lysis bujBfer. The losses of RNA duriag recx>very from gel slices by 
elution are approx. 50%. 

Ihcubation of purified 21-23 nt fiagmeats in a translation-based RNAi assay 

1 fil of the eluted 21-23 mer or control RNA solution was used for a standard 
5 10 [il RNAi incubation reaction (see above). Tlie 21-23 mers were premcubated in 
thelysate containing reaction inucture for 10 or 30 addition of the 

target and control mRNA. During pre-incubation, proteins involved in RNA 
interference may re- associate with the 21-23 mers due to a specific signal present on 
these RNAs, The incubation was continued for another hour to allow translation of 

10 the target and control mRNAs. The reaction was quenched by die addition of passive 
lysis buffer (Promega), and luciferase activity was measured. The RNA interference 
is the expressed as the ratio of target to control luciferase activity normalized by an 
RNA-firee bufifer control. Specific suppression of the target gene was observed with 
eitiier 1 0 or 30 minutes pre- incubation. The suppression was reproducible and 

15 reduced the relative ratio of target to control by 2-3 fold. None of tiie RNA 
Segments isolated as controls showed specific interference. For comparison, 
incubation of 5 nM 500 bp dsRNA (10 min pre- incubation) afifects the relative ratio 
of control to target gene approx. 30-fold. 

Stability of isolated 21-23 nt fragments in a new lysate mcubation reaction. 

20 Consistent with the observation of RNAi mediated by purified 21-23 ntR^ 

fragment, it was found that 35% of the input 21-23 nt RNA persists for more than 3 
h in such an incubation reaction. This suggests that cellular factors associate with the 
deproteinized 2 1 -23 nt fragments and reconstitute a functional noRNA-degrading 
particle. Signals connected with these 21-23 nt fragments, or their possible double 

25 stranded nature or specific lengths are likely responsible for this observation; The 
21-23 nt fragments have a terminal 3' hydroxylgro^^ as evidenced by altered 
mobility on a sequencmg gel following periodate treatment and beta-elimimtion. 
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Example 4 21-23-mers purified by non-denaturing methods caused 
sequence-specific interference when added to a new RNAi reaction. 

' Fifty nanomolar double-stranded RNA (501 bp Rr-luc dsRNA, as described 
in example 1) was incubated in a 1 ml in vitro reaction with lysate at 25'C (see 
5 example 1). The reaction was then stopped by the addition of an equal volume of 2x 
PK buffer (see example 1) and proteinase K was added to a final concentration of 
L8 ^g/|J.r. The reaction was incubated for an additional 1 h at 25'C, phenol 
extracted, and then the RNAs were precipitated with 3 volumes of ethanol. The 
ethanol precipitate was collected by centrifugation, and the pellet was resuspended 

10 in 100 ^ll of lysis bufifer and ^plied to a Superdex HR 200 10/30 gel filtration 
column (Pharmacia) run in lysis buflEer at 0.75 ml/min, 200 jil fiactions were 
collected from the column. Twenty ^1 of 3 M sodiunoi acetate and 20 ^g glycogen 
was added to each fraction, and the RNA was recovered by precipitiation with 3 
volumes of ethanol. The precipitates were resuspended in 30 ]xl of lysis bufifer. 

1 5 Column profiles following the firactionation of 32P-labeled input RNA are shown in 
Figure 13A.' 

One microliter of each resuspended fiaction was tested in a 10 ^1 standard in 
vitro RNAi reaction (see example 1). This procedure yields a concentration of RNA 
in the in vitro RNAi reaction that is approxunately equal to the concentration of that 
20 RNA species in the original reaction prior to loading on the column. Thefiractions 
were preincubated in the lysate containing reaction mixture for 30 min before the 
addition of 1 0 nM Rr-luc mRNA target and 10 nM Pp-luc control mRNA. During 

pre-incubation, proteins involved in RNA interference may re-associate with the 

■II 

21-23-mers due to a specific signal present on these RNAs. The incubation was 
25 continued for another three hours to allow translation of the target and control 
mRNAs. The reaction was quCTched by the addition of passive lysis biiffer 
(Promega), and luciferase activity was measured. The suppression of Rr-luc mRNA 
target expression by the purified 21-23 nt firagments was reproducible and reduced 
the relative ratio of target to control by >30-fi>ld, an amount comparable to a 50 nM 
30 500 bp dsRNA control. Suppression of target mRNA aq)ression was specific: littie 
or no effect on the expression of the Pp4uc mRNA control was observed. 
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The data show fhat the both the fractions con 
(fractions 3 - 5) or long, partially cleaved dsRNA (fractions 7 - 13) and the fractions 
containing the fully processed 21-23 nt siRNAs (fractions 41 - 50) mediate effective. 
RNA interference in vitro (Figure 1 3B). Suppression of target mRNA expression 
5 was specific: Uttle or no effect on the expression of the Pp-hic mRNA control was 
observed (Figure 13C). These data, together with those in the earUer exam 
demoiistrate that the 21-^23 nt siRNAs are (1) tnie intemedial^ 
pathway and (2) effective mediators of RNA interference in vitro. 

Example 5 21-nucleotide siRNA duplexes mediate RNA interference in human 

10 tissue cultures 

• . . ■ • . ■ ■ "... ' ' ' 

Methods 

RNA preparation 

21 nt RNAs were chemically synthesized using Expedite RNA 
phosphoramidites and thymidine phosphoramidite (Proligo, Germany). Synthetic 

15 oligonucleotides were deprotected and gel-purified (Elbashir, SM., Lendeckel, W. & 
Tuschl, T., Genes & Dev. 15, 188-200 (2001)), followed by Sep-Pak C18 cartridge 
(Waters, Milford, MA, USA) purification (Tuschi, t., et al., Biochemistry, 32: 1 1658- 
1 1668 (1993)). The siRNA sequences targeting GI2 (Acc. X65324) and^^ 
lucifi^rase (Acc. U47296) corresponded to the coding regions 153-173 relative to the 

20 first nucleotide ofthe start codon, siRNAs targetmgRL(Acc.AFp258^ 

corresponded to region 1 19-129 aft^ the start codon. Longer RNAs w^ transcribed 
with T7 KNA polymerase from PGR products, foUo 

purification. The 49 and 484 bp GL2 or GL3 dsRNAs corresponded to position 113- 
161 and 1 13-596, respectively, relative to the start of translation; the 50 and 501 bp 
25 RL dsRNAs corresponded to position 118-167 and 118-618, respectively. PGR 
templates for dsRNA synthesis targeting humanized GFP (hG) were ampUfied from 
pAD3(Kehlenbach,RJH., efa/., J. CellBiol, i-/7;863-874 (1998)), whereby 50 and 
501 bp hG dsRNA corresponded to position 118-167 ahd ll8-618» respectively, to 
the start codbn. . 
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For annealing of siKNTAs, 20 \M single strands were incubated in annealing 
buffer (100 inM potassium acetate, 30 mM HEPES-KOH at pH 7,4, 2 mM 
magnesium acetate) for 1 min at 90°C followed by 1 h at 37 °C. The 37 ""C 
incubation step was extended overnight for tiie SO and 500 bp dsRNAs, and these 
S annealing reactions were performed at 8.4 |iM and 0.84 strand concentrations, 
respectively. 

Cell culture 

S2 cells were propagated in Schneider's Drosophila medium (Life 
Technologies) supplemented with 10% EBS, 100 units/ml penicillin, and 100 (ig/ml 

10 streptomycui at 25 °C. 293, NIH/3T3, HeLa S3, COS-7 cells were grown at 37 in 
Dulbecco's modified Eagle's medium supplemented with 10% FBS, 100 units/ml 
penicillin, and 100 >g/ml streptomycin. Cells were regularly passaged to maintain 
exponential growth. 24 h before transfection at approx. 80% confluency, mammalian 
cells were trypsinized and diluted 1:5 with fresh medium without antibiotics (1-3 x 

15 10^ cells/ml) and transferred to 24-well plates (500 |xl/well). S2 cells were not 
trypsinized before splitting. Transfection was carried out with lipofectamine 2000 
reagent (Ufe Technologies) as described by the manufacture for adherer 
Perwell, 1.0 |xgpGL2-Control (Promega) orpGL3-Control^>roniega), 0.1 iigpRL- 
TK (Promega), and 0.28 |ig siRNA di5)lex or dsRNA, formulated mto liposomes, 

20 wereappUed; the final volume was 600^1 per weU. Cells were incubated 20 h after 
transfection and appeared healthy thereafter. Luciferase expression was subsequently 
monitored with the Dual luciferase assay (Promega). Transfection eflELciencies were 
determined by fluorescence microscopy for mammalian cell lines after co- 
transfection of 1.1 jig hGFP-encoding pAD3^ and 0.28 |ig invGL2 siRNA, and were 

25 70-90%. Reporter plasmids were amplified in XL-1 Blue (Strategene) and purified 
using the Qiagen l^idoFree Maxi Plasmid Kit. 

Results 

KNA interference (RNAi) is ttie process of sequence-specific, post- 
transcriptional g^e silencing in animgl.s and plants, initiated by double-stranded 
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RNA (dsRNA) homologous in sequence to the silenced gene (Fire, A., Trends 
Genet., 15:35S-363 (1999); Shaip, P.A & Zamore, ?.D.yScience, 257:2431-2433 
(2000); Sijen, T. & Kooter, J.M., Bioessays, 22:520-531 (2000); Bass, B.L„ Ce//, , 
707:235-238 (2000); Hammond, SM,,etaL, Nat. Rev. Genet, 2:110-119 (2001)). 
5 The mediators of sequence-specific mRNA degradation are 21 and 22 nt small 
interfering KNAs (siRNAs) generated by RNase lH cleavage &om longer dsRNAs^^^ 
(Hamilton, A.J. &Baulcombe, Science, 286:950-952 (1999); Hammond, S.M., 
et aU Nature, 404:293-296 (2000); Zamore, P.D„ et al. Cell, 101:25-33 (2000); 
Bernstein, E., et al, Naature, 409:363-366 (2001); Blbashir, S.M., et al. Genes & 

10 Dev., 75/188-200 (2001)). As shown herein, 21 ntsilU!!^^ 

specifically suppress reporter geae iexpression in niultiple mammalian tissue 
cultures, including human embryonic kidn^ (293) and HeLa cells, hi contrast to 50 
or 500 bp dsRNAs, siRN^ do not activate the int^eron response. These results 
indicate that siRNA duplexes are a general tool for sequence-specific inactivation of 

15 gene function in mammalian cells. 

Base-paired 21 and 22 nt siRNAs with overhanging 3' ends mediate eflScient 
sequence-specific mRNA degradation in lysates prepared from D, melanogaster 
embryos (Elbashir, SM., €*a/., G^asd^i)ev., 75: 188-200 (2001)). To test whether 
siRNAs are also capable of mediating RNAi in- tissue culture, 2 1 nt siRNA duplexes 

20 with symmetric 2 nt 3' overhangs directed agaiiistreporteargm^ 
pansy (Rem7/fl rewz^bmiy) and two sequence variants of fi^ 
GI2 and GI3) luciferases (Figures 14A, 14B) were construrt^ 
duplexes were co-transfected with the reporter plasnoid combinations pGL2/pRL or 
pGL3/pRL, into D. melanogaster Schneider S2 cells or mammalian cells using 

25 cationic liposomes. Luciferase activities were determined 20 h after transfection. In 
all cell lines tested, ^ecific reduction of the expression of the reporter genes in the 
presence of cognate siRNA duplexes was observed (Figures I5A-15J). Remarkably, 
the absolute luciferase expression levels wm unaffected by non-cognate siRNAs, 
indicatmg the absence of harmfiil side effects by 21 nt RNA duplexes (e.g. Figures 

30 16A-16D,forHeI^ceUs). In i)/;we/a«ogayterS2 cells (Fig^ 

specific inhibition of luciferases was complete, and similar to results previously 
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obtained for longer dsRNAs (Hammond, S.M., et al, Nature, 404:293-296 (2000); 
Caplen,NJ., a/.. Gene, 252:95-105 (2000); Clemens, M & WiUiams, B., Cell, 
23:565-572 (1978); Ui-Tei, EL, et aL, FEBS Letters, 47P:79-82 (2000)). In 
mflmrnflli ftn cellR^ where the reporter genes were 50- to 100-fold stronger expressed, 

5 the specific suppression was less complete (Figures 15C-15J). G12 expr^sion was 
reduced 3- to 12-foId, GL3 expression 9- to 25-fold, and RL expression 1- to 3-foid, 
in response to the cognate siRNAs. For 293 cells, targeting of RL luciferase by RL 
siRNAs was ineffective, although GL2 and GL3 targets responded specifically 
(Figures 151, 15 J). It is likely that the lack of reduction of RL expression in 293 cells 

10 is due to its 5- to 20-fold higher expression compared to any ottier mammalian cell 
line tested and/or to liinited accessibiHty of the target sequence d 
secondary structure or assdciated proteins. Nevertheless, specific targeting of GL2 
and GL3 luciferase by the cognate.siiRNA duplexes indicated that RNAi is also 
functioning in 293 cells. 

15 The 2 nt 3 ' overhang in all siRNA duplexes, except for uGL2, was composed 

of (2*-deoxy) thymidine. Substitution of uridine by thymidine m ttie 3' overhang was 
well tolerated in the D. melanogaster in vitro system, and the sequence of the 
overhang was uncritical for target recognition (Elbashir, SM., et al. Genes & Dev., 
75:188-200 (2001)). The thymidine overhang was chosen, because it is supposed to 

20 rahance nuclease resistance of siRNAs in the tissue culture medium and within 
transfected ceUs. Indeed, the &ymidine-modified GL2siRNA w 
potent than the unmodified uGL2 siRNA in all cell lines tested (Figures 1 5 A, 1 5C, 
15E, 15G, 151)/ It is conceivable that further modifications of the 3' overhanging 
nucleotides will provide additional benefits to the delivery and stability of siRNA 

25 duplexes. 

In co-transfection experiments, 25 nM siRNA duplexes with respect to the 
filial volume of tissue culture medium were used (Figures 15A-15J, 16A-1 6^ 
iicreasing the siRNA concentration to 100 nM did not enhance the specific silencing 
effects, but started to affect transfection efficiencies due to competition for liposome 
30 encapsulation betwerai plasmid DNA and siRNA. Decreasing the siRNA 

concentration to 1.5 nM did not reduce the specific silencing effect, even though the 
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siRNAs were now only 2- to 20-fbld more concents 

This indicates that siKNAs are extraordinarily powerful reagents for mediating gene 
. silencing, and that siKNAs are effective at concentrations that are several orders of 
magnitude helow the concentrations applied in conventional antisense or ribozyme 
5 gene targeting experiments. 

In order to monitor the effect of longer dsRNAs on mammalian cells, SO and 
SOO bp dsRNAs cognate to the reporter genes were prepared. As non-specific 
control, dsRNAs from humanized GHP (hG) (Kehleribach, R,H., et aL, J, Cell Biol, 
/-/i;863-874 (1998)) was used. When dsRNAs were co-transfected, in identical 

10 amounts (not concentrations) to the siRNA duplexes, the reporter gene expression 
was strongly and unspecifically reduced. This effect is illustrated for HeLa cells as a 
representative example (Figures 16A-16D). The absolute ludferase activities were 
decreased unspecifically 10- to 20-fold by 50 bp dsRNA, and 20- to 200-fold by 500 
bp dsRNA co-transfection, respectively. Similar unspecific effects were observed for 

15 COS-7 andN3H/3T3 cells. For 293 cells, a 10- to 20-fold unspecific reduction was 
observed only for 500 bp dsRNAs. Unspecific reduction in reporter gene expression 
by dsRNA > 30 bp was expected as part of the interferon response (Matthews, M., 
Interactions between viruses and the cellular machinery for protein synthesis in 
Translationdl Control (eds., Hershey, Matthews,M. & Sonenberg, N.) 505-548 

20 (Cold Spring Harijor Laboratory Press, Plainview, NY; 1996); Kumar, M. & 

Cannichael, G.G., Microbiol Mol Biol iiev., 52:1415-1434 (1998); Stark, G-R., et 
al, Annu. Rev. Biochem., 57:227-264 (1998)). Surprisingly, despite the strong 
unspecific decrease in rq)orter gene expression, additional sequence-specifi 
dsRNA-mediated silencing were rq)roducibly detected. The specific silencing 

25 effects, however, were only apparent when the relative reporter gene activities were 
normalized to the hG dsRNA controls (Figures 16E, 16F). A 2- to 10-fold specific 
reduction in response to cognate dsRNA was observed, alsp in tbe other three 
mammalian cell lines tested. Specific silencing effects with dsKNAs (356-1662 bp) 
were previously reported in CHO-Kl cells, but the amounts of dsRNA required to 

30 detect a 2- to 4-fold specific reduction were about 20-fi}ld higher than in our 
experiments (Ui-Tei, K., et al, FEBS Letters, 479:19-^2 (2000)). Also, CHO-Kl 
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cells appear to be deficient in the interferon response. In another report, 293, 
NIH/3T3, and BHK-21 cells were tested for RNAi using ludferase/lacZ reporter 
combinations and 829 bp specific lacZ or 717 bp unspecific GFP dsRNA(C^len, 
N J., et al, Gene, 252:95-105 (2000)). The failure of detecting RNAi in this case is 
S likely due to the less sensitive luciferase/lacZ reporter assay and the length 

differences of target and control dsRNA. Taken together, the results described herein 
indicate that RNAi is active in mammalian cells, but that the silencing effect is 
difGcult to detect if the interferon system is activated by dsRNA >30 b^^ 

The mechanism of the 2 1 nt siRNA-mediated interference process in 

10 manamalian cells remains to be uncovered, and silencing may occur post- 

transcriptional and/or transcriptionaL In D. melanogaster lysate, siRNA duplexes 
mediate post-transcriptional gene silencing by reconstitution of a siRNA-protein 
complexes (siRNPs), which are guiding mRNA recognition and targeted cleavage 
(Hammond, S^., a/., iSfatore, -/0^;293-296 (2000); Zamore, P,D., e< a/.. Cell 

15 iW:25-33 (2000); Elbashir, S.M., rfa/.. Genes d£>ev., 75:188-200 (2001)), In 
plants, dsRNA-mediated post-transcriptional silencing has also been linked to KNA- 
* directed DNA methylation, which may also be directed by 21 nt siKNAs 
(Wassenegger, M., Plant MoL Biol, 43:203-110 (2000); Finnegan, EJ., et aL, Curr. 
Biol, ii;R99-R102 (2000)). Methylation of promoter regions can lead to 

20 transcriptional silencing (Metter, M.R, et al, EMBOJ., 7P;5 194-5201 (2000)), but 
methylation in coding sequences must not (W ang, M.-B., BNA, 7: 1 6-28 (2001)). 
DNA methylation and transcriptional silmcing in mammals are well-documented 
processes (Kass, S.U., et al. Trends Genet,, i3:444-449 (1997); Razin, A., EMBO J, 
77;4905-4908 (1998)), yet tiiey have not been linked to post-transcriptional 

25 silencing. Methylation in mammals is predominantly directed towards CpG residues. 
Because there is no GpG in the RL siRNA, but RL siRNA mediates specific 
sil^icing in mammalian tissue culture, it is unlikely that DNA methylation is critical 
for our observed silencing process. In summary, described herein, is siRNA- 
mediated gene silencing in mammalian cells. The use of 21 nt siRNAs holds great 

30 promise for inactivation of gene fimction in human tissue culture an^ 
development of gene-specific therapeutics. 
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While iMs invention has been pardcul^ 
reference to preferred embodiments thereof it wiU be understood by thoise skilled in 
the art that various changes in form and details may be made therein without 
departing from the scope of the invention encompassed by tbe appended claims 
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CLAIMS 

What is claimed is: 

1 . Isolated RNA of from about 21 to about 23 micleotides that mediates SNA 
interference of au mRNA to which it coirespon^^ 

5 2. IsolatedRNAofclaim l that comprises a terminal 3' hydroxylgro 

3. Isolated RNA of claim 1 which is chemically synthesized RNA or an analog 
of a naturally occurring RNA 

4. An aiialogofisolated RNA ofclaiml, wherein the analog differs from the 
RNA of claim 1 by the addition, deletion, substitution or alteration of 6ne or 

10 more nucleotides. 

5. Isolated RNA of from about 21 to about 23 nucleotides that inactivates a . 
corresponding gene by transcriptional silencing. 

6. A soluble extract that mediates RNA interference. 

7. The soluble extract of Claim 6, wherein tiie extract is derived from 
15 Drosophila embryos, 

Si The soluble extract of Claim 7 wherein the extract is derived from syncytial 
blastoderm Drosophila embryos. 

9. A method of producing RNA of from about 21 to about 23 nucleotides in 
^ length comprising: 
20 (a) combining double-stranded RNA with a soluble extract timt^ 

RNA interference, thereby producing a combination; and 
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(b) maintaining the combination of a) under conditions in which the 

double-stranded RNA is processed to RNA of from about 21 to about 
23 nucleotides in length. 

10. The method of Claun 9, wherein the soluble extract is derived from syncytial 
5 blastodOTOfli Drosophila embryos. 

1 1 . The method of Claim 9 further comprising isolating the RNA of from about. 
21 to about 23 nucleotides from the combinatiorL 

12. RNA of about 21 to about 23 nucleotides produced by the method of Claim 

■ .9.' 

10 13. A method of producing RNA of from about 21 to about 23 nucleotides in 
Iragth that mediates RNA interference of mi^ 
comprising: 

(a) combining double-stranded RNA that corresponds to a sequence of 
the gene to be degraded with a soluble extract that mediates RNA 

IS int^erence, thereby producing a cornbination; and 

(b) maiTitaiTiiTig the nnmhiTiatinTi nf (a) unrier cnnditions under vvinch the 

double-Stranded RNA is processed to RNA of from about 2 1 to about 
23 nucleotides that mediates RNA interference of the mRNA of the 
gene to be degraded, thereby producing RNA of from about 21 to 
20 about 23 nucleotides that mediates RNA interference of the naRNA. 

14. The method of Claim 13, wherein the soluble retract is derived from 
syncytial blastodOTn Drosophila embryos. 



15. 



The method of Claim 13 frirther coiiq)rising isolating RNA of from about 21 
to about 23 nucleotides from the combinatioiL 
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16. Isolated RNA of from about 21 to about 23 nucleotides produced by the 
method oiF Claim 15. 

17. A method of mediating KNA interference of mRNA of a gene in a cell or 
organism compiising: 

5 (a) introducingRNA of from about 21 to about 23 imcledtides which 

targets flie mRNA of the gene for degradation into the cell or 
organism; 

(b) maintaining the cell or organism produced in (a) under conditions 
under which degradation of the mRNA occurs, thereby modiating 

10 RNA interference ofthe mRNA ofthe gene in the cell or organism. 

18. Thenaethodof Claiml7whereintheRNAof(a)is acheini(^ 
RNA or an analog of naturally occurring RNA. 

19. The method of Claim 17, whCTein the gene encodes a cellular mRNA or a 
viralmRNA. 

15 20. A method of mediating RNA interference of mRNA of a gene in a cell or 
organism in which RNA interference occurs, comprising: 
(a) combiniug double-stranded RNA that corresponds to a sequence 0^ 
the gene with a soluble extract that mediates RNA interference, 
thereby producing a combination; 
20 (b) maintaining the combination produced in (a) under conditions under 

which the double- stranded RNA is processed to RNA of from about 
21 to about 23 nucleotides, thereby producing RNA of from 4bout 21 
. to about 23 nucleotides; 

(c) isolatmg RNA of from about 2 1 to about 23 nucleotides produced in 
25 . (b); 

(d) introducing RNA isolated in ( c) into the ceU or organis□:^ and 
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(e) . maintaining the ceU or orgamsm produced in (d) under conditions 
under which degradation of mKNA of the gene occurs, thereby 
mediating RKA interference of the mRNA of the gene in the cell or 
organism. . 

5 21. The method ofClaim 20, wherein the soluble extract is dedve^ 
syncytial blastoderm Drosophila embryos. 

22. The method of Claim 20, wherein the RNA is isolated using- gel 
. electrophoresis, 

23. A method of mediating KNA interference of mKNA of a gene in a cell or 

10 organism in which RNA interference occurs, comprising: (a) introducing into 

the cell or organism RNA of from about 21 to about 23 nucleotides that 
mediates RNA interference of mRNA of the gene, thereby producing a cell 
or organism that contains the RNA and (b) maintaining the cell or organism 
that contains the RNA under conditions under which RNA interference 

1 S occurs, thereby mediating RNA interference of mRNA of the gene in the cell 

oroiganism. 

24. The method ofclaim 23, wherein the RNA offrom about 21 to about 23 

nucleotides is chemicaUy synthesized RNA or an analog of RNA that 

* 

mediates RNA interference. 

20 25. The method of Claim 23, wherem the gene encodes a cellular mRNA or a 
viral mRNA. 

26. A knockdown cell or oz;ganism generated by the method of claim 23. 

27. The knockdown cell or organism of claim 26, wherein the cell or organism 
mimics a disease. 
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28. Amethodof exammingtheftmctioiiof agenem 
con5)rising: 

(a) introducing RNA offrom about 21 to about 23 nucleotides^^ 
targets inRNA of the gene for degradation into the ceU or or^ 

5 therebyproducing a test cell or test organism; 

(b) maintaining the test cell or test organism under conditions under 
which degradation of mRNA of the gene occurs, thereby producing a 
test cell or test organism in which mRNA of the gene is degraded; 

•and" 

10 (c) observing the phenotype of the test cell or test organism produced in 

(b) and, optionally, comparing the phenotype observed to that of an 
appropriate control cell or control organism, thereby providing 
iriformation about the fimction of tiie ge^^ 

29. The method of Claim 28 wherein the RNA introduced in (a) is chemically 
15 synthesized or an analog of RNA that mediates RNA interferes 

30. Amediodof exarriiningthefimctionof ageneinacellororganism 
comprising 

(a) combining double-stranded RNA that corresponds tx) a sequence of 

the gene with a soluble extract that mediates RNA interference, 

I ■ ■ ■ 

20 thereby producing a combination; 

' (b) maintaining the combination produced in (a) xmder conditions under 
which the double- stranded RNA is processed to RNA of about 21 to 
about 23 nucleotides, whereby RNA of about 21 to about 23 
nucleotides is produced; 
25 (c) isolating RNA of about 21 to about 23 nucleotides produ^ 

(d) introducing; the RNA isolated in (c) into the ceU or organisnijthereb 
producing a test cell or test organism; 
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(e) maintaining the test cell or test orgamsmm 

which degradation of mKNA of the gene occurs, thereby producing a 
test ceU or test organisin in which mRNA of the gene is degra 
and 

5 (f) observing the phenotype of the test cell or test organism produced in 

(e) and, optionally, (»>mparing thephenotype observedto thatdf an 
appropriate control, thereby providing infoiznation about t^^ 
of the gene. 

31. The method of claim 30, wherein the RNA comprises a terminal 3* hydroxyl 
10 group. 

32. The method of claim 30, wherein the soluble extract is derived fiom 
syncjrtial blastodiam Drosopbila embryos. 

33. The method of claim 30, wherem the KNA is isolated using gel 
electrophoresis. 

15 34, A composition comprising biochemical components of a Drosophila cell that 
process dsRNA to RNA of about 21 to about 23 nucleotides and a suitable 
carrier. 

35. A composition comprising biochenncal components of a ceU that target 
mRNA of a gene to be degraded by RNA of about 21 to about 23 

20 nucleotides, 

36. A method of treating a disease or condition associated with the presence of a 
protein in an individual comprising administering to the individual RNA of 
fix>m about 21 to about 23 nucleotides that targets the mRNA of the protein 
for degradation. 
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37. The method of claim 36 wherein RNA of feom about 21 to about 23 
nucleotides is chemically synthesized or an analog of RNA that mediates 
RNA intof «:ence. 

38. A method of assessmg whether an agent ^ts on a gene product conq)rising: 
5 (a) intn)ducingKNAoffix>m about 21 to about 23 nucleotides which 

targets the niECNA of the gene for degradation into a ceil or organism; 

(b) maintaining the cell or organism of (a) undo: conditions in which 
degradation of the mRNA occurs, 

(c) introducing the agent mto the cell or organism of (b); an^ 

10 (d) determining whether the agent has an effect on the cell or organism, 

wherein if the agent has no effect on the ceU or orgaxiismthe^ 
agent acts on the gene product or on a biological pathway that 
involves the gene product 

39. The method of claim 38; wherein the RNA of from about 21 to about 23 
15 nucleotides is chemically synthesized or an analog of RNA that mediates 

RNA int^erence. 

40. A method of assessing whether a gene product is a suitable target for drug 
discov^ comprising: 

(a) introducing RNA of i&om about 21 to about 23 nucleotides which 

20 targets the mRNA of the gene for degradation into a cell or organism; 

(b) maintaining the cell or organism of (a) under conditions in which 
degradation of the mRNA occurs resulting in decreased expression of 
the gene; and 

(c) detennining the effect ofthe decreased expression of the gm^ 

25 ceU or organism, wherein if decreased expression has an effect, tih 

the gene product is a target for drug discoveiy. 
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41 . The method of claim 40, wherein the RNA of from about 21 to about 23 
nucleotides is synthetic RNA or an analog of KNA that mediates KNA 
interference. 

42. A gene identified by &e sequencing of endogenous 21 to 23 nucleotide RNA 
5 molecules that mediate RNA interference. 

43. A phamiaceutical composition comprising RNA of from about 21 to about 
23 nucleotides that mediates RNA interference and an appropriate carrier. 

44. A method of producing knockdown cells, comprising introducing into cells 
in which a gene is to be knocked down RNA of about 21 to about 23 nt that 

10 targets the mRNA corresponding to the gene and maintaining the resulting 

cells under conditions under which RNAi occurs, resulting in degradation of 
the naRNA of the gene, thereby producing knockdown cells. 

45. The method of claim 44, wherein the RNA of about 21 to about 23 
nucleotides is synthetic RNA or an analog of RNA that tnediates RNA 

15 interference. . 

46. A method of identifying target sites within mRNA that are efficiently cleaved 
by the RNAi process, comprising combining dsRNA corresponding to a 
sequence of a gene to be degraded, labeled mRNA corresponding to the gene 
and a soluble extract that mediates RNA interference, thereby producing a 

20 combination; maintaining the combination under conditions under which the 

dsRNA is degraded and identifying sites in tiie mRNA that are efficiently 
cleaved. 



25 



47. 



A method of identifying 2 1-23 nt RNAs that efficientiy mediate RNAi, 
wherein said 21-23 nt RNAs span the target sites identified within the 
mRNA by the method of claim 46. 
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48. . RNA of claim 16, isolated using gel electrophoresis. 

49. RNA of claim 16, isolated using non-denaturing methods. 

50. RNA of claim 16, isolated using non-denaturing column chiomatogrsqphy. 
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Box I Observaflons where certain claims were found unsear hable (Continuation of Item 1 of first heel) 



ThiB intemaBonal Saaroh Roport haa not been eatabllshBd In respect of certain claims under Ar1icte .17(2)(a) Idr the tollowino reasons: 



Z H g^Suse Sw relate to parts of the Inlemattonal Application that do not oompV with the preaQribod requlramonts to such 
an extant that no rneanlngfullntarnatlonal Search can be carried out, spedflcaily: 

see FURTHER INFORMATION sheet PCT/ISA/210 



^' ^ bSauaittfeyar^ 



Box a Observations where unity of Invention Is lacking (ContlnuaUon of Item 2 of first sheet) 



THs Intemattonal Searching Authority found multiple hwentlona In this International application, as foOdws: 



1.1 — I AS an required additional search 1^ were timely paid by the appllcanl. trts International Search Report covers aO 
I — I searchable dsdms. 

^ rn M all searchable dalms could be searched without effort Justlfyino an additional fee. this Authority dW not Invite payment 
— of any additional fee. 



a I I As only some of the required addUonal eearch fees were timely paid by the applicant, this IntematlonsI Search Report 
I — ! covers only those claims tor which tees were paid, specHlcally dalms Nos.: 



4 rn No required additional search fees were timely paid by the applicant Consequently, this International Search Report is 
' — ' restricted to ttie Invention first mentioned In the dalms;! 



; It Is covered by claims IMos.: 



Remark on Protest Q The adcfitlonal search fees were accompanied by the applcanfs protest 

I ] No protest accompanied the paymentof additional search fees. 
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Continuation of Box 1.2 

Claims Nos.: 1-5,12, 16,26,27,35-37,42,43,48-50 (completely), 
6,9,11,13,15,20,22,30,31,3346,47 (all partially) 

DProduct claims 1-5,12,16,35-37,43,48-50 relate to RNA molecules solely 
characterised In that they mediate RNA Interference. This sole functional 
feature, however, is not sufficient to characterise the claimed molecules 
so as to allow the skilled person to clearly and unamblguosly understand 
the scope of the claims. Moreover, the skilled person Is given no 
guidance, either in the claims or in the description, as to any general 
technical feature of the claimed RNA molecules which could allow him/her 
to understand, with no undue burden, which molecules fall and which do 
not fall within the definition of the claims. 

Claims 26 and 27 relate to a knockdown cell obtained by treating it 
according to the method of claim 23. 

However, the sole indication that a cell has been obtained by treating it 
with a short RNA molecule with no indication as to features of the cell, 
such as e.g. the kind of cell and the kind of gene which has been 
silenced does not allow the skilled person to clearly and unambiguously 
understand the scope of the claim. 

Similar arguments apply to claim 42, which relates to a gene solely 
characterised by means of the method used for its identification- 

Thus, the aforementioned claims 1-5,12,16,35-37,43,48-50, 26, 27 and 42 
lack clarity (Art. 6 PCT) to such an extent as to render a meaningful 
search with respect to their subject-matter impossible, 

2) Claims 6, 9, 13, 20, 30,46 relate broadly to a soluble extract that 
mediates RNA Interference. However, the description only provides 
Indications as to a Drosophlla embryo extract having such a capability 
(seep, 22, 1. 1-10, p. 28, 1. 9, p. 32, 1. 10, p. 36, 1 14, p. 40, 1. 
18) and is completely silent as to any general rule that the skilled 
person could apply to Identify, with no undue burden, other suitable 
extracts. The description discloses that two other lysates have been 
tested, namely wheat germ extract and rabbit reticulocyte lysate (see p. 
28): the former showed ho effect whatsoever, the latter only had a 
non-specific effect, not linked to RNA Interference (p. 28, 1. 18-20), 
Hence these claims lack support (Art. 6 PCT) to such an extent as to 
render a meaningful search of their subject-matter impossible. The search 
with respect to these claims has thus been limited to soluble extracts 
derived from Drosophlla embryos. 

The applicant's attention is drawn to the fact that claims, or parts of 
claims, relating to Inventions In respect of which no international 
search report has been established need not be the subject of an 
International preliminary examination (Rule 66.1(e) PCT). The applicant 
is advised that the EPO policy when acting as an International 
Preliminary Examining Authority is normally not to carry out a 
preliminary examination on matter which has not been searched. This is 
the case irrespective of whether or not the claims are amended fallowing 
receipt of the search report or during any Chapter II procedure. 
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